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PREFACE TO THE SECOND EDITION 

The first edition of this book, which was written by Professors 
E. P. Schoch and W. A, Felsing, has been iised at The University of 
Texas over a period of seven years. Early in this period the writer 
assumed responsibility for the course in which the book has been 
used, while both Professors Schoch and Felsing assumed other duties. 
Since the writer and the instructional staff associated with him repre- 
sented a diversity of training and background different from those of 
the senior authors of the present volume, it was inevitable that many 
changes in course content, instructional methods, and viewpoint 
should accrue. These changes are reflected in the present edition. 

When the writer was charged with the task of preparing the second 
edition. Professors Schoch and Felsing were most generous in that they 
imposed no restrictions with respect to either the nature or scope of 
modification of the first edition. 

The extent to which the present edition differs from its prede- 
cessor will be evident even upon cursory examination. The entire 
manuscript has been rewritten in a manner that required extensive 
changes in the order of presentation of much of the subject matter. 
The laboratory directions have beeii segregated for inclusion in a 
separate laboratory manual. While many of the fundamentally sound 
and desirable features of the first edition have been retained in prin- 
ciple, an effort has been made to present the subject matter from a 
less specialized viewpoint as well as to expand appropriately the course 
content. It is hoped that a satisfactory degree of modernization has 
been achieved without sacrifice of an essentially conservative approach. 

The writer takes pleasure in acknowledging his indebtedness to 
his colleagues, Professors W. A. Felsing, C. S. Garner, and H. R. 
Henze, for many profitable discussions of educational philosophies 
and instructional problems. More particularly, thanks are due Pro- 
fessors R. C. Anderson, L. F. Hatch, Norman Hackerman, and Mr. 
L. K. Yourtee, who gave freely of their time in reading the manuscript 
and in offering a wealth of constructive criticism and helpful sug- 
gestions. The writer wishes also to acknowledge the kindness of 
F^ofessor Norris W. Rakestraw, editor of The Journal of Chemical 
Education^ who supplied a considerable number, of the illustrations. 
The assistance of ot Ws who contributed similarly but less extensively 
is acknowledged elsewhere. 

Geobge W. Watt. 

Austin, Tbxas, 

September^ 1946* 
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PREFACE TO THE FIRST EDITION 

This text, in less complete form, has been in use with freshman 
chemistry classes at The University of Texas for nearly 30 years. 
During that time many innovations of presentation and of materia) 
have been tested with classes of all sizes; the material contained in 
this volume is the result of the experience gained. 

The text is not written from a descriptive or encyclopedic point 
of view; in fact, some teachers may complain of the scarcity of such 
dictionary-like information. Rather, the presentation is based upon 
chemical principles with just enough descriptive material provided 
to furnish a basis for generalizations. Thus, after a short introduction 
to the subject, chemical reactions are presented in two distinct groups: 
(a) those involving no change in valence (or metathetical reactions, 
and (h) those involving a change in valence (or oxidation-reduction 
reactions). These two classes of reactions involve different funda- 
mentals. Thus, the reactions of the first group depend primarily upon 
the solubilities and the degrees of activation and of ionization of elec- 
trolytes, while the refictions of the second group depend primarily 
upon the relations between the electromotive forces of half cells. It 
seems logical, therefore, to present the fundamental principles and 
facts of each separately. 

The text presents, in addition to the inorganic reactions, which 
constitute the major portion of the book, two chapters on elementary 
organic reactions. These chapters are largely descriptive and are 
inserted to aid in the attempt to present a fairly complete picture 
of the province of chemistry to that student who, by virtue of his 
selection of a different major, takes only one course in chemistry. 

attempt has been made to enhance the student’s interest in 
the subject by interposing relevant remarks concerning, and descrip- 
tions of, industrial applications. The introduction of an abbreviated 
scheme of qualitative analysis is made partly for the sake of creating 
interest. Qualitative analysis, if not dwelt upon too long, will heighten 
the student’s interest and help him to get over an otherwise rather 
prosaic part of the year’s work. 

The laboratory directions are interspersed with the main portions 
of the text. This is done because the bearing or the sigmficance qf 
the experimental work should be clearly before the student while he is 

he 
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doing his laboratory work; this is best accomplished by having the 
theory and practice appear in juxtaposition in the text. Laboratory 
exercises have no justification unless they serve to verify the state- 
ments made or to clarify with factual material the orderly develop- 
ment of the subject. 

This text was written originally to serve only the students at The 
University of Texas; the authors did not contemplate offering it else- 
where. However, it has been urged upon them that other teachers 
might be interested in this particular scheme of presentation. Should 
it prove to be of service to others in the laborious task of teaching 
the fundamentals of chemistry to college freshmen, the authors will 
have accomplished their desire. 

Eugene P. Schoch. 

William A. Felsing. 

Austin, Texas, 

May, 1938. 
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CHAPTER I 

FORMS OF MAHER 

The present state of development of the physical and the biological 
sciences is the result of man’s efforts to understand the nature of his 
environment and its multitude of complex changes. Rapid progress 
in these specialized fields of knowledge constitutes the single most 
important factor contributing to the increasing complexity of modern 
civilization. Consequently, a knowledge, or at least an appreciation, 
of these fields of human endeavor is an essential possession of any 
intelligent member of modern society. The course of study outlined 
in this book is an effort at the presentation of certain fundamental 
aspects of the science of chemistry, its methods, accomplishments, and 
aims. 

Among the experimental sciences, chemistry and physics occupy a 
unique position. Their sphere of influence embraces all of the other 
physical sciences and exerts far-reaching influence upon the biological 
and even the social sciences. The steadily increasing importance of a 
knowledge of chemistry has prompted medical educators to require 
greater and greater emphasis upon the study of this subject in pre- 
medical curricula as well as in medical schools. Much the same situa- 
tion prevails with regard to pharmacy, biology, bacteriology, etc. In 
different degrees, the various phases of engineering, geology, agricul- 
ture, etc., present problems which can be solved to best advantage on 
the basis of at least a limited knowledge of chemistry. 

1,1. Nature and Scope of the Science of Chemistry 

Chemistry is that branch of the physical sciences which is con- 
cerned with the composition of matter and with those transformations 
which matter undergoes. All objects in the material universe are 
suitable subjects upon which the interests of the chemist may be 
focused. Chemistry deals also with energy, since transformations of 
matter £0*6 accompanied by energy changes. 

Largely as a matter of convenience, chemistry has come to be 
thought of as being made up of certain branches or subdivisions. It 
must be recognized, however, that this sort of classification is quite 
arbitrary and somewhat artificial. [Inorganic chemistry is concerned 
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with substances that have their origin in or are commonly associated 
with the mineral world, e.gf., rocks, ores, the soil, the constituents of 
the atmosphere, etc. Qrgqnic c hem istry is usually defined as the chem- 
istry of substances that contain carbon, but this designation is not an 
altogether satisfactory one. Analytical chemistry deals with the 
methods by means of which the chemist can determine the composition 
of the various forms of matter, whether inorganic or organic. Physical 
chemistry is concerned with the various principles, laws, and theories 
that enable the chemist to interpret and explain the resulhs of experi- 
ments and observations. By virtue of the very nature of its subject, 
matter, physical chemistry becomes an essential part of each of tlu^ 
other branches of chemistry. Each of the four branches referred to 
above may be and frequently is subdivided further, but since all of 
these arbitrary subdivisions overlap one another and are so intenhv 
pendent, it is preferable that the science of chemistry be thought of 
as a composite whole. 

1.2. The Method of Science 

It must be recognized at the outset that chemistry is based upon 
experiment In solving the many problems with which the chemist is 
faced, a fairly well-defined plan of attack is usually followed. The 
first step involves experimentation in the laboratory and the systematic 
recording of observations and experimental data. Following this col- 
lecting of information, the chemist must organize the results of his 
experiments and examine them with a view to discovering any general 
relationships, principles, or laws in terms of which the observed 
phenomena may be described. Next, an effort is made to devise suit- 
able theories by means of which the observed facts may be explained 
satisfactorily. Finally, these theories are applied in the prediction 
of the behavior of substances not previously studied. Here the objec- 
tive is the expansion of knowledge and substantiation or disproof of 
the validity of theories. Such theories are of value not only because 
they serve in the explanation and understanding of known facts but 
also because theories frequently suggest lines of investigation that lead 
to the discovery of new truths. 

1.3. Classification of Matter According to Physical State 

Because the science of chemistry is concerned with matter in all of 
its multitude of different forms, simplification for purposes of study 
requires that every effort be made to organize and classify the materials 
involved. Initial efforts at classification may achieve only a gross 
segregation of matter into broad types, each of which upon further 
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study may have to be divided further into numerous subtypes. Two 
very broad classifications are indicated in the following paragraphs. 

Everyone is aware of the fact that water, which is ordinarily a 
liquid, may also exist in the form of a gas (steam) or as a solid (i('e). 
Since many other substances are capable of existing in all three of these 
states of aggregation and since all known forms of matter exist in at 
least one, it becomes convenient to classify matter according to the 
three physical states, viz,, solid, liquid, and gas. The characteristic's 
of matter as it exists in these conditions will be considered elsewhere 
in this and in subsequent chapters. 

1.4. Classification of Matter According to Composition 

A somewhat more involved but nevertheless useful classification of 
matter may be made in terms of composition. Any object may be 
classified under cnie of the three headings: element, compound, or mix- 
ture, This classification is by no means so simple as that based on 
physical state. This fact becomes apparent when one realizes that 
matter in all the physical states is encountered in each of the three 
groupings according to composition. Because all the materials 
encountered in the study of chemistry are classified (according to com- 
position) as elements, compounds, and mixtures, it is essential that the 
characteristics of each and the distinctions among the three be under- 
stood thoroughly. Consequently, each will be considered in some 
detail. 

The student who would learn of chemistry must appreciate tlie fact 
that the study of a science involves, in some measur(‘, the same tasks 
as are encountered in the study of a language. One cannot hope to 
read, write, or speak a foreign language without first acquiring an ade- 
quate vocabulary; neither can one progress in the study of a science 
without learning the vocabulary that permits one to speak fluently 
and think in terms of the language of that particulas science. From 
the beginning, therefore, the student should pay particular attentioji 
to the exact meaning of terras employed and to distinctions between 
related terms. 

1.5. Elements 

Suppose that a sample of ordinary table salt is studied in the labo- 
ratory with a view to breaking the salt down into its constituent parts. 
It will be found by experiment that the white solid salt may be decom- 
posed into two simpler substances. One of the products of this decom- 
position is a greenish-yellow gas known as chlorine; the other is a soft 
metallic solid known as sodium. The object of the experiment has 
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been realized since it has been demonstrated that table salt is com- 
posed of two simple substances. Further experiments must now be 
performed to determine whether the sodium, the chlorine, or both 
may be decomposed still further. It will be found that such is not 
possible by any ordinary means. Another approach to this problem 
lies in the chance that, even though it is not possible to decompose 
sodium or chlorine, one might hope to produce sodium or chlorine by 
bringing together other materials of a more elementary character. 
Here again, all efforts would be met by failure. The inescapable (x:»n- 
clusion, therefore, is that sodium and chlorine must be of elemental 
nature, i.e., they must be substances that should be classified as ele- 
ments. An element is a substance that cannot by any ordinary 
means be built up from or decomposed into simpler substances. 

The Number and Kinds of Elements. At the middle of the 
eighteenth century only about 17 elements were definitely known, but 
by 1890 the number was increased to about 70. At present the iden- 
tity of 90 elements is firmly established and claims to the discovery 
of a few more have been made. The question as to the maximum 
possible number of elements has been the object of much speculation. 

Elements may be classed, roughly, into two groups: metals and 
nonmetals. The nonmetals constitute more than one-half of the total 
weight of the earth’s crust and include such substances as oxygen, 
sulfur, carbon, nitrogen, and chlorine. Among the metals found in the 
earth’s crust are such common materials as iron, lead, zinc, copper, 
aluminum, silver, and gold. Only about one-half of the known ele- 
ments are usually encountered by the chemist in his work; only rarely 
does he see or work with the others. The earth’s crust together with 
the sea and the atmosphere is composed largely of 12 elements: oxygen, 
silicon, aluminum, iron, calcium, magnesium, sodium, potassium, 
hydrogen, titanium, carbon, and chlorine. Of these, oxygen is by far 
the most abundant. 

1.6. Properties of Substances 

If one should be asked to identify two automobiles made by dif- 
ferent manufacturers, the distinction between the two could probably 
be made readily in terms of gross differences in appearance. However, 
if it became necessary to identify two different makes of automobile 
produced by the same manufacturer, these two might be so similar 
that a more careful examination would be required. In any event, 
there could be found at least enough minor differences to distinguish 
the one from the other. This same type of problem is involved in the 
study of chemistry. One of the first tasks that face the student is that 




S«c. 1.7] 


FORMS OF MAHER 


5 


of recognizing certain chemical substances. Each substance has cer- 
tain characteristics which are usually called properties. Thus, ordi- 
nary window glass has certain well-defined properties such as hardness, 
transparency, and ease of fracture. Sulfur is an element having self- 
(‘vident properties such as color, odor, and taste. The properties of 
a substance are those attributes or characteristics in terms of 
which that substance may be recognized or identified. 

1.7. Compounds 

The elements sulfur and lead have properties by which they may be 
rec^ognized without dijificulty. If lead and sulfur are heated together, 
tJierfj is produced a new substance having properties that are very dif- 
ferent from those of lead or sulfur. The product of this chemical 
union is known as lead sulfide and is a compound containing the ele- 
ments lead and sulfur. The following conclusions may be drawn from 
this simple experiment: (1) the union of two simple substances (ele- 
ments) resulted in the formation of a more complex substance (a 
compound) ; (2) upon entering into chemical union the characteristic 
properties of the two elements disappeared and a new substance having 
its own set of characteristic properties was produced. On the basis 
of this and other similar experiments it is possible to arrive at a satis- 
factory definition of the term compound. A compound is a sub- 
stance formed from two or more elements. The properties of a 
compound are different from those of its constituent elements. 

Synthesis and Analysis. The process of producing more com- 
plex substances by the union of two or more simple substances is known 
as synthesis. Thus, the synthesis of lead sulfide is accomplished by 
the union of lead and sulfur. Similarly, the compound known as 
water may be synthesized by the combination of the elements hydro- 
gen and oxygen. The use of the term synthesis is not restricted to the 
cases involving the union of elements but is also applied commonly, 
for example, to situations in which two or more compounds unite to 
form another more complex compound. 

The laboratory examination of a substance for the purpose of deter- 
mining its composition is termed an analysis. When a sample of an 
ore, for example, is sent to a chemical laboratory for analysis, the 
sender wishes the chemist to examine it for the purpose of finding out 
what it contains. If the analysis is made only for the purpose of 
determining the identity of the substances involved, the analysis is 
said to be qualitative. Thus a qualitative analysis of an iron ore might 
show that the ore consists of iron and oxygen. The analysis might, 
however, be so conducted as to yield information as to the quantities 
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of iron and oxygen present in the ore; such an analysis is termed a 
quantitative analysis and might supply the information (for example) 
that the ore contains 69.9 per cent of iron and 30.1 per cent of oxygen. 

1.8. Law of Definite Proportions 

The simple fact that a chemical compound consists of two or more 
elements provides no information as to the quantities of the elements 
concerned. Suppose that samples of table salt, which is a compound 
known as sodium chloride, are obtained from various parts of the world 
and purified in order to make certain that every sample is entirely 
free of impurities. If one of these samples, weighing 1 lb., is sub- 
jected to a quantitative chemical analysis, it will be found that the 
1 lb. of sodium chloride consists of 0.3934 lb. of sodium and 0.6066 lb. 
of chlorine. The analysis of another sample of pure sodium chloride 
from an entirely different source would lead to exacdly the same result . 
Finally, after all the samples are analyzed, it is found that the results 
are identical, or as nearly so as the accuracy of the experimental 
method permits. After similar experiments using a wide variety of 
pure compounds, the conclusions drawn from this experieiu’e may hi) 
summarized in an expression known as the law of definite proportions 
or sometimes as the law of constant composition: The coin position of 
a pure compound is always precisely the same. 

1.9. Physical and Chemical Changes 

The transformations of matter referred to in the preceding para- 
graphs fall into two distinct classes. The melting of solid ice and the 
formation of ice from liquid water are examples of physical change. It 
is a well-known fact that a bar of steel may be magnetized and may 
thereafter behave as a magnet for an indefinite period of time. This 
also is an example of a physical change. It is of importance to recog- 
nize that the chemical composition of the bar of steel was not altered 
in the process of magnetization; neither did any change in composition 
result from the transformation of solid water to liquid water. A 
physical change may be defined as a transformation of matter 
which may be accomplished without change in chemical 
composition. 

The physical changes that occur when heat is applied to ice may be 
represented as follows : 

Ice (solid) ^ water ( liquid) ^ steani(i;a9eous) 

Although most solids, when heated, melt to liquids which upon further 
application of heat are converted to gases, the student should not infer 
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that this sequence of changes of state will occur in all cases. When 
solid iodine, for example, is heated, the solid is changed directly to the 
gas. 

Iodine(„oiid) iodine (ga«oouB) 

That is, the iodine is converted to the gaseous state without first melt- 
ing to a liquid. This may be demonstrated 
readily with the simple apparatus shown in Fig. 1. 

Solid iodine is placed in the bottom of the beaker 
and a porcelain dish filled with ice water is placed 
over the top of the beaker. Upon application of 
heat to tlie bottom of the beaker, purple gaseous 
iodine will appear in the space above the solid 
iodine. When these vapors strike the cold under- 
surface of the dish, the gaseous iodine condenses 
to solid crystalline iodine. Such change in which 
a solid is converted directly to the vapor state 
followed by direct condensation of the vapor to 
the solid state is known as sublimation. Common 
physical changes together with descriptive terms 
employed in speaking of these changes are sum- 
marized in Table 1. 

The decomposition of table salt has been referred to previously. 
Another change which may be effected easily is the decomposition of 
ordinary cane sugar. If white crystals of sugar are heated, the sugar 

TABLE 1 
Changes in State 


Changes Descriptive Terms 

Solid to liquid Melting (fusion) 

Liquid to gas Boiling (vaporization, volatilization, 

evaporation) 

Gas to liquid Liquefaction (condensation) 

Liquid to solid Freezing (solidification) 

Solid to gas Evaporation 

Solid to gas to solid Sublimation 


caramelizes and upon further heating decomposes into carbon and 
water. Both of these transformations appear to involve much more 
deep-seated changes than were encountered in simple physical changes. 
Both the table salt and the sugar have been destroyed as such and have 
been replaced by substances of different properties and different 
(chemical composition. A similar situation was encountered as the 
result of the formation of lead sulfide by the union of lead and sulfur. 



to 


Fig. 1. — Sublima- 
tion of iodine. 
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Changes in which one or more substances unite^ or are decom- 
posed, to form one or more substances having new properties 
are called chemical changes, or chemical reactions, A chemical change 
is always accompanied by an energy change. 

I.IO, Law of Indestructibility of Matter 

By taking advantage of the possibility of determining the weights 
of materials that undergo physical or chemical change, it becomes 
possible to arrive at a generalization of fundamental importance. 
Suppose that a sample of ice weighing exactly 1 lb. is melted und(T 
such conditions that none of the resulting liquid water will be lost. 
If the water formed is weighed accurately, it will be found that from 
exactly 1 lb. of ice there was produced exactly 
1 Ib. of water. By an extension of this experi- 
ment it could be proved that from 1 lb. of 
water there may be produced 1 lb. of steam. 
It now becomes of interest to inquire as to 
whether a similar result will be obtained from 
the study of a chemical change. 

The answer to this question may be found 
by a very simple experiment. Into a flask 
(Fig. 2) containing a solution of a compound 
known as potassium chromate, there is placed 
a test tube containing a solution of anothc^r 
chemical compound called lead nitrate. TIk^ 
top of the test tube rests against the upper wall 
of the flask so that the two solutions are not 
mixed. The flask is then fitted with a tight 
rubber stopper and the entire assembly weighed accurately. When, 
without removing the stopper, the flask is inverted so that the two 
solutions are mixed, there occurs a chemical change in which yellow 
solid lead chromate is produced. For present purposes, this change 
may be represented as follows: 

Potassium chromate + lead nitrate lead chromate 
(dissolved) (dissolved) (solid) 

+ potassium nitrate 

(dissolved) 

If the weight of the flask and its contents is now determined with 
accuracy, it will be found that the weight is exactly the same as it was 
before the occurrence of the chemical reaction. 

From the experiments described above as well as from many others, 
it is apparent that matter is neither destroyed nor created as the result 
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of physical and chemical change. This fact is the basis of the law of 
indestructibility of matter which may be stated as follows: The occur- 
rence of physical and chemical changes does not result in any 
change in the total weight of the materials involved. 

1.11. Mixtures 

When two substances are brought together, they do not necessarily 
combine to form a compound. For example, if iron filings and lumps 
of sulfur are mixed at ordinary temperatures, chemical combination 
does not occur. Such a mixture is said to be heterogeneous since the 
(jomponent parts of the mixture may be distinguished by the unaided 
eye. Obviously, it would be possible to separate the components of 
this mixture merely by picking out the iron filings with a pair of for- 
ceps. If, however, this mixture is ground to a very fine powder, the 
two components become so intimately mixed that the individual par- 
ticles can no longer be recognized. Under these conditions, the mix- 
ture is said to be homogeneous.'^ If a horseshoe magnet is drawn 
througli this homogeneous mixture, the powdered iron is attracted 
and held by the magnet while the particles of sulfur are not. Thus, the 
iron and sulfur may be separated by repeated use of the magnet. It 
may be concluded that the components of a mixture may be separated 
by purely mechanical means. 

Distinction between Mixtures and Compounds. If a homo- 
geneous or heterogeneous mixture of iron and sulfur is heated, they 
unite to form a compound known as iron sulfide. The component 
parts of this or any other compound may not be separated by the use 
of fon'.cps, magnets, or any other purely mechanical methods. Only 
by decomposition which involves chemical change may the lead and 
sulfur be separated and recovered in their original forms. Conse- 
quently, the mixtures and compounds differ in that mixtures may be 
separated into their component parts by mechanical means whereas a 
compound may be separated into its constituents only by the use of 
chemical methods. 

1.12. Atomic Theory 

Having recognized that the chemical elements represent relatively 
simple units of matter, one is led to inquire into the exact nature of 

^ Care must be exercised to make clear the basis for the use of this term. A 
mixture that appears homogeneous to the unaided eye may be quite evidently 
heterogeneous when viewed under a microscope. Unless otherwise indicated, the 
use of the term homogeneous in this book implies homogeneity as judged by the 
unaided eye. 
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these elemental substances. Historically, the concept that all matter 
is composed of small discrete particles dates back to the Greek philoso- 
phers who lived several centuries before Christ. Their ideas were not 
based upon any experimental evidence since they believed experimen- 
tation to be beneath their dignity. 
Nevertheless, these ideas as to the 
particulate character of matter 
persisted down through the cen- 
turies even without any quantita- 
tive experimental basis. In 1804, 
the English chemist, John Dalton 
(Fig. 3), in an effort to explain such 
fundamental laws as the law of 
indestructibility of matter and the 
law of definite proportions, revived 
and extended these concepts to the 
extent of presenting a rather com- 
plete picture as to how he believed 
chemical combination occurred. 
This theory, which has come to be 
known as Dalton s atomic theory, 
embraced many erroneous ideas 
which have long since been discarded. The essential and useful 
features of this atomic theory in a somewhat modified form may be 
summarized as follows: 

1. Each element is made up of small particles called atoms, 

2. The atoms of a given element have the same weight and are 
identical in every respect. 



Fig. 


Dalton (1766-1844). 


3. Atoms of different elements are dissimilar and have different 
weights. 

4. During chemical or physical change, atoms are not subdivided. 

5. Atoms have the ability to attract other like or unlike atoms and 
to hold them in chemical combination. 

6. Two or more atoms unite to form particles known as molecules, 

7. Atoms combine in simple whole-number ratios, and for any pure 
substance the ratio is always the same. 

8. Atoms of two different elements may combine in more than one 
ratio to form different compounds. 

In Dalton% time so little was known about the relative weights of 
the atoms of the different elements that the theory failed to receive 
the recognition that it merited. The true value of Dalton’s views did 
not become apparent until I860 when the Italian chemist, Cannizzaro 
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(Fig. 4), suggested a clear procedure by means of which numerical 
values for the relative weights of atoms might be assigned. At the 
present time, although scientists are fully cognizant of the significance 
of Dalton’s early work, it must be recognized that modern knowledge 
requires that the theory as outlined 
above must be accepted only 
after certain further modifications. 

Several such modifications will 
become apparent or will be pointed 
out in later chapters. 

Atoms and Molecules. In 
the light of Dalton’s theory, an 
atom may be defined as the 
smallest particle of an element 
capable of taking part in a 
chemical reaction. If unlike 
atoms unite, molecules of a com- 
pound arc produced. For example, 
atoms of the element hydrogen 
combine with atoms of the element 
oxygen and form molecules of the 
compound known as water. The 
union of two or more atoms of 
the same kind, however, results in the formation of molecules of the 
element concerned. Thus, 2 atoms of the element oxygen unite to 
form a molecule of the element oxygen. The molecules of most of the 
elemental gases such as oxygen, hydrogen, nitrogen, and chlorine 
contain 2 atoms under ordinary conditions. The molecule of the ele- 
ment sulfur may contain 2, 4, 6, or 8 atoms; that of phosphorus usually 
4, arsenic 4, etc. A molecule is defined as the smallest unit of 
matter capable of a separate distinct physical existence. On 
the basis of this none too satisfactory definition, the terms atom and 
molecule in some cases are synonymous. The atoms of the inert gases 
of the atmosphere (helium, neon, argon, krypton, and xenon) do not 
combine to form molecules. Accordingly, the atom of helium is the 
smallest particle of helium capable of a separate physical existence and 
hence qualifies under the above definition of a molecule. Similarly, 
most of the metals are usually considered as elements which consist of 
single atoms rather than molecules containing two or more atoms. 

EXERCISES 

1. Define the following terms: (a) element, (6) compound, (c) sublimation, 
{d) atom, (e) molecule. 



Fig. 4. — Stanislao Cannizzaro (1826- 
1910). 
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2. Distinguish between the following terms: (a) compound and mixture, (fj) 
synthesis and analysis, (c) qualitative and quantitative analysis, (d) chemical and 
physical change, (e) homogeneous and heterogeneous mixtures, (/) molecules of an 
element and molecules of a compound. 

3. State the law of indestructibility of matter. 

4. State the law of definite proportions. 

5. Cite two bases upon which matter may be classified. 

6. Outline the essential features of Dalton’s atomic theory. 

7. Explain what is meant by the properties of a chemical vsubstance. 
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CHAPTER II 

WEIGHT RELATIONSHIPS 

Any real appreciation of the nature of chemical change can come 
only from a knowledge of the quantities of the various forms of matter 
involved. The law of indestructibility of matter could not have been 
established as a valid generalization had not the Freiudi chemist, 
Lavoisier (Fig. 5), devised a sensitive balance and through its use 
proved that matter is neither created nor destroyed when chemical 



Fig. 5. — Antoine Laurent Lavoisier (1743-1794) in his laboratory. 


changes occur. Although done with equipment that was crude by 
comparison with that in common use at prcvsent (Fig. 6), Lavoisier’s 
work represented the beginning of a new era. Wlien chemists learned 
to study chemical reactions in terms of quantities, chemistry passed 
from the realm of the arts into the category of the sciences. 

2.1. Measurement of Weight 

With but few exceptions, the chemist expresses weight in terms of 
grams or fractions or multiples thereof. This unit of weight, the gram, 
is the weight of a definite volume (1 ml., see Sec. 5.5) of water at a 
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Fig. 6. — A modern chemical balance. (Courtesy of Wm, Ainsworth and Sons, Inc.) 

temperature of 4*^ on the centigrade scale. ^ The units most frequently 
used in chemical work are listed in Table 2; the relation between grams 
and pounds is included for comparison. 

TABLE 2 

Units Used in the Measurement of Weight 


Unit Designation 

1 gram Weight of 1 milliliter of water at 4°C. 

1 milligram One one-thousandth of 1 gram (0.001 g.) 

1 kilogram 1,000 grams 

1 pound 453.59 grams 


^ This temperature scale is different from the Fahrenheit temperature scale 
used in the home. For an explanation of the centigrade scale and a comparison 
of these scales, see Sec. 4.11. 
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The term gram is commonly abbreviated by the letter g., which 
unfortunately is used also by the pharmacist as an abbreviation for 
another unit of weight, the grain. Similarly, the abbreviations mg. 
and kg. are used for milligram and kilogram, respectively. 


2.2. Law of Multiple Proportions 

It has been pointed out in the preceding chapter that, according to 
the lajv of definite porportions, the elements that make up any pure 
chemiieaLciQmpouitd are always present in exactly the same proportions 
by weighty A quantitative analysis of water, for example, would show 
that pure water always consists of 8 parts by weight (grams) of 
oxygen and 1.008 parts by weight (grams) of hydrogen. As early 
as the beginning of the nineteenth century, however, chemists were 
aware of the fact that two given elements may unite to form more than 
one compound. Thus, the elements nitrogen and oxygen combine to 
form compounds that are representative of the class of chemical sub- 
stances known as oxides. These oxides are listed in the accompanying 
table, together with their percentage composition as determined 
experimentally by quantitative chemical analysis. 


Oxide 

Oxygen, % 

Nitrogen, % 

Nitrous oxide 

36.35 

63.65 

Nitric oxide 

53 . 32 

46 . 68 

Nitrogen dioxide 

69.55 

30.45 


This information, as such, reveals no apparent relationship among the 
three compounds. Suppose, however, that it is desired to know how 
much nitrogen is combined with exactly 1 g. of oxygen in each of these 
compounds. This information may be had by a calculation involving 
simple proportion. 

Let X = weight of nitrogen combined with 1 g. of oxygen in nitrous 
oxide. 

Then 


a;: 1 : : 63.65 : 36.35 
36.35a; = 63.65 
63.65 
* “ 36.35 


X = 1.751 


Similarly, for each of the three compounds, the weight of nitrogen 
combined with 1 g. of oxygen may be calculated from the values for 
the percentage composition. 
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Oxide 

Oxygen, g. 

Nitrogen, g. 

Nitrous oxide 

1 

1.75] 

Nitric oxide 

1 

0 . 8755 

Nitrogen dioxide 

1 

0.4378 




Now, a very definite relationship becomes apparent. The weights of 
nitrogen listed above are seen to be simple whole-number multiples 
of the smallest weight of nitrogen found in combination with 1 g. of 
oxygen in any of the three compounds, 

0.4378 = 1 X 0.4378 
0.8755 = 2 X 0.4378 
1.751 = 4 X 0.4378 

It is by no means accidental that this relationship is found. The 
same relationship appears in all cases in which two elements combine 
to form more than one compound. To consider another example, the 
element chromium is known to form three compounds with oxygen 
which have the percentage compositions listed in the accompanying 
table. 


Oxide 

1 

Oxygen, % 

Chromium, % 

Chromiuni monoxide 

23 . 52 1 

76.48 

Chromic oxide 

31 . 57 1 

68.43 

Chromium trioxide 

47.99 ’ 

52.01 

1 



If from these data one calculates (just as before) the weight of chro- 
mium combined with 1 g. of oxygen in each of the three compounds, 
the following results are obtained: 


Oxide 

Oxygen, g. 

Chromium, g. 

Chromium monoxide 

1 

3 . 252 

Chromic oxide 

1 

2.168 

Chromium trioxide 

1 

1.084 




The weights of chromium which, in three different compounds, are 
combined with 1 g. of oxygen are related as follows: 

1.084 -.lx 1.084 
2.168 - 2 X 1.084 
3.252 ^ 3 X 1.084 
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Such results as obtained in the foregoing examples led Dalton to 
formulate the law of multiple proportions which may be stated as 
follows: When two elements A and B unite to form more than 
one compound, the weights of B which combine with a fixed 
weight of A stand to each other in the ratio of small whole 
numbers. After a consideration of certain other factors that enter 
into the picture, it will be seen that the weight relationships that led 
to the establishment of the law of multiple proportions also serve as a 
basis for tlie determination of the relative weights of the various atoms. 

2.3. The Standard for Relative Atomic Weights 

On the basis of tlui atomic theory and in view of the definition o f an 
atom i t is believed that, for example, when the element nitrogen and 
the element oxygen combine, the actual union involves the comhma - 
thin j)f_atQms^ with atoms_ of nitrogen. If this is a true 

picture, then the weight relationship s portra yed above must in some 
way be related to the weight s of the a_tQms concern(^. As will be 
shown later, it is possible to know the actual weight, in grams, of each 
kind of atom. Such values, however, would be very cumbersome for 
use in cdiemical calculations and are so small as to be practically 
meaningless. If one wished to buy a tract of land and was told that 
the land under consideration consisted of 6,272,640 sq. in., the pros- 
pective buyer would have little knowledge as to the size of the tract. 
If, on the other hand, he was told that the tract of land consisted of 1 
acre (6,272,640 sq. in.), this information would convey a real meaning. 
By the same token the atom is such an exceedingly small piece of 
matter that a number representing its true weight in grams would be 
so small as to carry no real significance to the human mind. 

For this and other reasons, it is convenient to assign in an arbitrary 
manner a value representing the weight of some one kind of atom and 
thereafter to express the weights of other atoms in relation to this 
arbitrary standard. The choice of the standard is important since it 
should be such that 

1. The element chosen is one that enters into combination with all 
(or nearly all) other elements. 

2. The numerical value assigned to represent the weight of the atom 
chosen as a standard will be such that the weights of all other kinds of 
atoms will be represented by numbers greater than unity and, as 
nearly as possible, by whole numbers. 

The first of these requirements is met if the element oxygen is 
chosen as the standard, and the second requirement is fulfilled as nearly 
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as possible by assigning the number 16.0000 to represent the weight 
of the oxygen atom. 

2.4. Relative Combining Weights 

Returning, now, to the experimental information that led to the 
establishment of the law of multiple proportions, it becomes of interest 
to calculate the weights of nitrogen that are combined with not 1 but 
rather 16.0000 g. of oxygen in the three oxides of nitrogen. 


Oxide 

Oxygen, g. 

Relative combining 
weights of nitrogen 

Nitrous oxide I 

! 16 

28.016 

Nitric oxide , .i 

16 

1 1.008 

Nitrogen dioxide 1 

16 

7.001 


The values representing the weights of nitrogen combined with 
the arbitrarily chosen standard weight of oxygen are known as relative 
combining weights of nitrogen. Similarly, relative combining weights 
for chromium may be calculated from the data on compounds of 
chromium and oxygen. 


Oxide 

Oxygen, g. 

Relative combining 
weights of chromium 

Chromium monoxide 

16 

52.032 

Chromic oxide. . . 

16 

34.688 

Cliromium trioxide 

16 

17.344 


Thus, for the elements nitrogen and chromium, there are obtained 
values for the relative combining weights with a degree of accuracy 
that is limited only by the accuracy of the methods used in analyzing 
the compounds under consideration. 

The next question that arises has to do with the relation between 
the relative combining weights and the relative weights of the atoms 
(“atomic weights”) of nitrogen and chromium. It may be stated at 
this point that the above values for the combining weights will either 
prove to be equal to the atomic weights or may be made equal to the 
atomic weights by multiplication by the ratio of two small whole 
numbers. (This is a natural consequence of the law of multiple pro- 
portions.) Before the above question is answered fully, however, 
some additional experimental information is necessary. 
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2.5. Approximate Atomic Weights 

There are available certain chemical and physical methods by 
means of which approximate values for the atomic weights may be 
obtained experimentally. If the element in question is a gas or if the 
element forms one or more compounds that exist as gases or volatile 
liquids, a value for the approximate atomic weight of the element may 
be had without serious experimental difficulty. For example, it may 
be shown by experiment that the relative weight of the nitrogen 
molecule is approximately 28. If, as pointed out earlier, the molecule 
of nitrogen consists of 2 atoms (Sec. 1.12), then it follows that the 
approximate atomic weight of nitrogen is 28 -f* 2 = 14. 

Method of DuLong and Petit. For elements which are not, 
gaseous and which do not form volatile compounds, approximate values 
for the atomic weights may be obtained from a knowledge of the 
specific heats of the elements. The specific heat of an element is 
defined as the quantity of heat (expressed in calories^) required to 
raise the temperature of one gram of the element one degree 
on the centigrade temperature scale. In 1818, DuLong and 
Petit discovered that, wheTi the atomic weights of the elements are 
multiplied by their specific heats, the products are usually numbers 
between 6 and 7 and tliat these numbers average about 6.4. Thus, 

(At. wl.) X (specific heat) == 6.4 
or 

4 4 * 6*4 

At. wt. = — — r — 7 
specilic heat 

If t he atomic weight is unknown and the specific heal of the particular 
element can be determined experimentally, it is possible to calculatt^ 
the approximate atomic weight. The specific heat of ciiromium is 
found by experiment to be 0.116 calorie. Accordingly, an approxi- 
mate value for the atomic weight of chromium may be calculated. 

6 4 

At. wt. = = 55 

U.ilo 

With approximate values for the atomic weights of nitrogen and 
chromium, the relation between the exact relative combining weights 
and the exact atomic weights may be clarified. 

2.6. Exact Relative Atomic Weights 

From the study of three nitrogen-oxygen compounds there were 
obtained three values representing accurate relative combining weights 

^ For definition of the term cahrie, see Sec. 4.9. 


so 


GENERAL CHEMISTRY 


[Chap. II 


of the element nitrogen, i.e., 28.016, 14.008, and 7.004. Further, it is 
known that the approximate weight of the nitrogen atom is 14. Con- 
sequently, 14.008 must be the exact relative atomic weight of nitrogen, 
and the other two values for the combining weight of nitrogen should 
become equal to 14.008 when multiplied by the ratio of two small wliolc^ 
numbers. 

28.016 X i = 14.008 
7.004 X I = 14.008 

Up to this point there may have existed a reasonable doubt as to the 
need for securing three different (but related) values for the combining 
weight of nitrogen. However, it should now be apparent tliat, if t hrees 
such values all lead to the same value for the relative atomic weight of 
nitrogen (14.008), there should seem little reason to question the (cor- 
rectness of this value. In addition, the result obtained using one 
value for the combining weight serves as a check on the accuracy of 
other results. 

If the approximate atomic weight of chromium is 55 and the values 
for the exact relative combining weights of chromium are 52.032, 
34.688, and 17.344, then the exact relative atomic weight of chromiuni 
must be 52.032, since 

52.032 X 
34.688 X 
17.344 X 

2.7* Review 

The foregoing discussion is intended to show that the problem of 
assigning to each kind of atom a numerical value representing the rela- 
tive weight of that atom involves the following steps: 

1. The atom must be recognized as the smallest unit of matter that 
can participate in a chemical reaction. 

2. A suitable standard must be established. 

3. From accurate experimental data on the percentage composition 

of compounds of a given element, accurate values for the relative com- 
bining weights are calculated. * 

4. By some suitable method, an experimental value for the approxi- 
mate atomic weight of the element must be obtained. 


j = 52.032 
I = 52.032 
I = 52.032 
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5. With the approximate atomic weight and the exact relative com- 
bining weights, the exact relative atomic weight becomes available 
in the light of the law of multiple proportions. 

With this summary in mind, it is suggested that the student re-study 
Secs. 2.1 to 2.6 before proceeding. 

2.8. Meaning of Relative Atomic-weight Values 

Since atoms are so small that they may not be seen even with the 
aid of the most powerful microscope, the chemist cannot work with 
single atoms. Rather than work with a single atom of nitrogen, 
it is necessary to work with “bundles” of atoms and of course the 
chemist chooses bundles of convenient size. 

Although the exact values for the relative atomic weights of the 
elements, being arbitrary, may be expressed in any desired units 
(grams, pounds, tons, etc.), they are most frequently expressed in 
grams. Hence, the atomic weight of oxygen, 16,, when expressed in 
grams, is referred to as the gram-atomic weight of oxygen or as one 
gram atom of oxygen. Similarly, 1.008 g. of hydrogen constitutes 1 
gram-atomic weight or 1 gram atom of hydrogen. The atomic weight 
of an element, therefore, is merely the weight of an arbitrarily chosen 
quantity of that element. A complete list of the most accurate known 
values for the relative atomic weights of the elements is given on the 
inside front cover of this book. 

Absolute Weights of Atoms* If the bundle of oxygen atoms in 
terms of which the chemist chooses to work has a weight of 16 g., 
the question naturally arises as to how many atoms are present in this 
particular size of bundle. Since atoms are so small, it would certainly 
be evident that in 16 g. of oxygen, for example, there must be an 
exceedingly large number of atoms. The actual number is known with 
a fair degree of accuracy. As determined by a variety of methods 
which need not be discussed at this point, the number is believed to be 
602,000,000,000,000,000,000,000,^ or expressed more conveniently, 

^ This number, as well as some that follow, illustrates a problem not infre- 
quently encountered in the study of chemistry. It is often necessary to deal with 
very large or very small numbers, and the task of representing such quantities can 
become very laborious and cumbersome. To avoid these difficulties, use is made 
of exponential expressions in which very large or very small numbers are repre- 
sented in terms of exponents of the number 10. Thus, the number of atoms in a 
gram-atomic weight of any element is represented as 6.02 X 10*^, which means 
that the number 6.02 is to be multiplied 23 times by the number 10. If this is 
done, the result is 602,000,000,000,000,000,000,000. To use another example, 
the total weight of the atmosphere siurounding the earth has been estimated to be 


^ / I . f ^ 
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6.02 X 10^*. This is known as Avogadro's number. Because the 
atomic weights of the other elements are expressed in relation to the 
atomic weight of oxygen, 1 gram-atomic weight of any element con- 
tains 6.02 X 10^3 atoms of that clement. Thus 1.008 g. of hydrogen 
must consist of 6.02 X 10^" atoms of hydrogen, and 23 g. (1 gram 
atom) of sodium must contain 6.02 X 10^3 atoms of sodium. This 
remarkabhi result enables the chemist to work not only with a known 
weight of an element but, at the same time, a known number of atoms 
of that element. 

If in 16 g. of oxygen there are 6.02 X 10^3 atoms of oxygen, then 
the absolute weight of the single oxygen atom must be 

6 10^'= = 0.000, 000, 000, 000, 000, 000, 000, 026 g. (2.6 X 10-=» g.) 

Similarly, 1 gram-atomic weight of hydrogen (1.008 g.) contains 
6.02 X 1033 atoms each having the weight given by 

10^^ = 0.000,000,000,000,000,000,000,001,67 g. (1.67 X ]0-2'g.) 


Such numbers should convince even the most skeptic^al of the wisdom 
of using the relative rather than the absolute weights of atoms. 

2.9. Relative Weights of Molecules 

Since molecules consist of atoms, it follows that the relative weight 
of a molecule (of an element or a compound) is simply the sum of 
the relative weights of the atoms in the particular molecule. If, for 
example, the molecule of the element oxygen contains 2 atoms, each 
having a relative weight of 16 units, then the weight of the oxygen 
molecule must be 2 X 16 = 32. Similarly, since the water molecule 
contains 2 atoms of hydrogen and 1 atom of oxygen, the relative w^eight 
of the molecule of water must be (2 X 1.008) + 16 = 18.016. 

When expressed in grams, the weight of a molecule is referred to as 
(a) 1 gram-molecular weight, (6) 1 gram molecule, or (c) 1 “mole.” 
Thus, 32 g. of oxygen may be referred to by any of these designations. 


equal to 5,200,000,000,000,000,000,000 g. This number can be represented much 
more conveniently in exponential form as 5.2 X 10*^ 

Small numbers also may be expressed conveniently by the use of negative 
exponents. Thus, the number 0.000,000,001 may be expressed as 1 X 10“® since. 


0.000,000,001 


1 

1,000,000,000 


1 

10 » 


-IX 10-» 


Similarly, the number that represents the absolute weight of the individual oxygen 
atom is 0.000,000,000,000,000,000,000,026 g. In terms of negative exponents, 
this number becomes 26 X lO"”*^ or 2.6 X 10“®*. 
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Since molecules are formed by the union of atoms, the number of 
molecules in 1 gram-molecular weight of any substance must be the 
same as the number of atoms in 1 gram-atomic weight of an element, 
i,e., 6.02 X 10^^. Hence, in 32 g. of oxygen there are 6.02 X 10^^ 


One qram moletule 
of hydrogen 

(Mol. wt. = 2) 

Number of molecules 
, =6.02x10^^ , 

□ 

Fig. 7.- Relative weights of mole(;uIes. The three squares are drawn to scale 
in proportion to the relative weights of the oxygen, hydrogen, and water molecules. 
Note particularly that the number of molecules in 1 gram-molecular weight is the 
same in all three cases regardless of the marked differences in the gram-molecular 
weights. 

molecules of the element oxygen; in 18.016 g. of water there arc 
6.02 X 10^3 molecules of the compound water (Fig. 7). 

EXERCISES 

1. List the experimental data that are necessary in order to establish a value for 
the exact relative atomic weight of an element. 

2. From the analysis of a compound of sulfur it is found that the exact relative 
(xnnbining weight of sulfur is 8.015. The approximate atomic weight of sulfur is 
31. Calculate the exact relative atomic weight of sulfur. 

3. Calculations based on a knowledge of the percentage composition of a 
compound of chlorine and oxygen show that the exact relative combining weight of 
chlorine in this particular compound is 10.131. If the approximate atomic weight 
of chlorine is 35, calculate the exact relative atomic weight of chlorine. 

4. The approximate weight of the molecule of bromine is 162, and it is known 
that the molecule of bromine contains 2 atoms. If the exact relative combining 
weight of bromine is 39.958, calculate the exact relative atomic weight of bromine. 

5. The specific heat of copper is 0.09305 cal. Calculate the approximate atomic 
weight of copper. 

6. The analysis of an oxide of copper shows that the oxide consists of 20.11 
per cent oxygen and 79.89 per cent copper. Calculate the exact relative combining 
weight of copper. 

7. Using the information from problems 5 and 6, calculate the exact relative 
atomic weight of copper. 

8. Calculate the absolute weight of the copper atom and express the result in 
both decimal and exponential form. 


One gram molecule 
of water 

(Mol.wt.= 18) 

(Number of 
molecules=6.02xl0^^) 


One gram molecule 
of oxygen 

(Molecular weigh! =32) 

(Number of molecules 
= 6.02x10^3) 
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CHAPTER III 


SYMBOLS, FORMULAS, EOUATIONS; 

CHEMICAL CALCULATIONS 

The study and the practice of chemistry require frequent reference 
lo a wide variety of chemical substances and chemi(*ul changes. The 
practice of referring lo elements and compounds by name and that of 
providing detailed written descriptions of chemical changes would be 
exce(‘.dingly (aimbe^rsorne. .\s a means of providing a more concise 



Fig. 8. — Jons Jakob Berzelius (1779-1848). 


system of representation, chemists have developed what may be 
described as a system of “chemical shorthand.” It is essential that 
the student of chemistry become thoroughly familiar with these 
methods of representation, since they will be used throughout the 
beginning course and all subsequent courses in or experience with the 
subject. 
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3.1, Symbols 

The method now used to represent the atoms of the elements was 
introduced by the Swedish chemist, Berzelius (Fig. 8), in 1813. The 
symbols used are derived from the names of the elements by taking the 
initial letter, tlie first two letters, or other letters of the Englisli or 
Latin names. Examples of the use of initial letters of English nam(\s 
are found in the symbols H (hydrogen), 0 (oxygen), C (carbon), etc. 
The symbol, K, for the element potassium was taken from the Latin 
name, kalium. The symbol, Ca, is used for the element calcium since 
the initial letter has already been adopted as the symbol for carbon. 
Similarly Na (from the Latin natrium) is used as the symbol for 
sodium. The symbol for the element magnesium consists of the first 
and third letters, Mg. There is given below a list of symbols for 
the common metals and nonmetals. These symbols will be used 
repeatedly and should be made a part of the student’s vocabulary. 


TABLE 3 

Symbols for Common Elements 


Metals 


Noninetals 


Name 


Symbol 


Name 


Symbol 


Aluminum 

Bismuth 

Cadmium 

Calcium 

Copper {cuprum) 

Iron (ferrum) 

Lead (plumbum) 

Magnesium 

Manganese 

Mercury (hydrargyrum) 
Potassium (kalium ) .... 

Silver (argentum) 

Sodium (natrium) 

Tin (stannum) 

Zinc 


A1 

Bi 

Cd 

Ca 

Cu 

Fe 

Pb 

Mg 

Mn 

Hg 

K 

Ag 

Na 

Sn 

Zn 


Boron 

Bromine 

Carbon 

Chlorine. . . 
Fluorine. . . . 
Hydrogen. . . . 

Iodine 

Nitrogen 

Oxygen 
Phosphorus. . . 

Silicon 

Sulfur 


B 

Br 

C 

Cl 

F 

H 

I 

N 

O 

P 

Si 

s 


Meaning of Symbols. The symbols for thib elements are not 
merely abbreviations. In addition to showing the identity of an ele- 
ment, a symbol represents a definite weight of that element and 
consequently a definite number of atoms. The symbol H represents 
1.008 parts by weight of hydrogen and, therefore, 6.02 X 10^® atoms 
of hydrogen. Similarly, the symbol K represents 39.1 parts by weight 




Sec. 3.2] 


SYMBOLS, FORMULAS, EQUATIONS 


27 


of potassium (6.02 X 10^^ atoms). Since in scientific work weight is 
usually expressed in grams, the student should acquire the habit of 
thinking of the symbol for an element as representing 1 gram-atomic 
weight of that element. For example, each time the symbol 0 is 
encountered, it should be interpreted as representing 1 gram atom 
(16 g.) of the element oxygen. 

3.2. Formulas 

Just as symbols are used to represent atoms, formulas are used to 
reprcisent moltH ules. The molecules so represented may be either 
elemental or compound. The element oxygen exists, under ordinary 
conditions, in tlie form of molecules containing 2 atoms, and this may 
be shown by writing the symbol for oxygen and appending a sub- 
sc:ript written to the right of the symbol, thus, O 2 . Similarly, otJier 
elemental moleicules are represented by formulas H 2 , Ch, Br 2 , etc. 

Molecules of compounds are represented by writing side by side the 
symbols for the atoms that make up the molecules of the compound. 
Thus, hydrogen chloride is represented by the formula HCl. Tn the 
formulas for (compounds containing hydrogen or a metal in cornbina- 
lion with a nonmetal, the symbol for the nonmetal is usually (but 
not always) written last in the formula. If the number of one or rnorc^ 
kinds of atoms in a given compound is greater than one, this fact must 
be shown by the formula. Therefore water, which is composed of 2 
atoms of hydrogen and I atom of oxygen, has the formula H 2 O. The 
formula H 2 SO 4 shows that the hydrogen sulfate molecule is composed 
of 2 atoms of hydrogen, 1 atom of sulfur, and 4 atoms of oxygen. A 
subscript in a formula refers only to the symbol immediately pre- 
ceding the subscript, unless placed outside of parentheses. Thus, in 
the formula for calcium hydroxide, Ca(OH) 2 , the subscript applies to 
both the oxygen and the hydrogen. 

Meaning of Formulas. Until the student acquires sufficient 
information to permit a distinction between kinds of chemical union, 
it is permissible to look upon all formulas as representing molecules. 
Since formulas are merely collections of symbols that have definite 
weight significance, it follows that a formula represents not only com- 
position but also a definite weight of the substance concerned. The 
formula H 2 represents 2.016, (2 X 1.008) parts by weight of hydro- 
gen, and the formula HCl represents 36.465, (1.008 + 35.457) parts 
by weight of hydrogen chloride. Expressed in grams, these weights 
are called gram-molexular weights (gram molecules, or moles) of hydro- 
gen and hydrogen chloride, respectively. The formula for potassium 
chlorate, KCIO3, shows that the molecule consists of 1 atom of potas- 
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slum, 1 atom of chlorine, and 3 atoms of oxygen and represents 1 
gram-molecular weight, 122.557, [39.1 + 35.457 + (3 X 16)] of potas- 
sium chlorate. From this example, it is seen that the (relative) weight 
of a molecule is simply the sum of the (relative) weights of all the 
atoms in that molecule. 

3.3. Equations 

The value of symbols and formulas with their attendant weight 
significance becomes most apparent in the representation of chemical 
reactions. Consider the following statement: “Two hundred seven 
and twenty-one one-hundredths grams of the element lead unite with 
thirty-two grams of the element sulfur to form two hundred thirty- 
nine and tw(nity-one one-hundredths grams of the compound lead sul- 
fide.” Expressed in the language of symbols and formulas, this rather 
(•umbersorne description of a simple chemical reaction becomes 

Pb -f S = PbS 

Since the total weight of matter represented to the left of the equalit y 
sign (207.21 g. + 32 g.) is equal to the total weight represented to th(.‘ 
right (239.21 g.), the above expression may be called an equation. To 
indicate the direction of the chemical change, the equality sign is 
usually replaced by an arrow which should be interpreted as indicating 
an equality, thus, 

Pb + S PbS 

The foregoing equation is a very simple one and may be written without 
difficulty. Suppose, however, that it is desired to write an equation 
representing the formation of water by the union of hydrogen and 
oxygen. First, there are written the symbols and formulas involved. 

H -f- O — > H 2 O (1) 

Next, it must be recognized that hydrogen and oxygen exist not as 
atoms but rather in the form of elemental molecules. Hence the sym- 
bols must be replaced by the corresponding formulas. 

H2 -f O2 H2O ( 2 ) 

Rlxpression (2), however, does not represent a true equality since on the 
left of the arrow (equality sign) there is shown a total of 2 atoms of 
oxygen while only 1 atom is shown on the right. Consequently the 
expression must be adjusted or balanced by the insertion of suitable 
coefficients. 


2H2 + D2 2H2O 


( 3 ) 
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leading to a true equality or equation. The overscoring of the syni- 
bols or formulas for gases represented in chemical equations is a com- 
mon practice, but one not followed consistently. 

Equation (3) should be read as follows: “Two moles of hydrogen 
(2 X 2.016 = 4.032 g.) combine with 1 mole of oxygen (32 g.) to form 
2 moles (2 X 18.016 — 36.032 g.) of water.” 

Steps Involved in Writing Equations. From the foregoing 
example, it appears that the writing of a chemical equation involves 
the following steps: 

1. Write to the left of the arrow the correct symbols or formulas 
for the substances that undergo change. 

2. To the right of the arrow write the correca symbols or formulas 
for the products of the reaction. 

3. Adjust or balance the expression so that a true equality results. 

The application of this process may be illustrated by considering 

the equation representing the decomposition of potassium chlorate. 1 1 
is necessary first to know (as the result of suitable experiments) that, 
when potassium chlorate is heated, it decomposes into potassium 
chloride and oxygen. With this information, the formulas for tlie sub- 
staiK'.e which undergoes change and the formulas for the products may 
be written (steps 1 and 2), 

KCIOs KCI -f n, 

In order that the total number of atoms of oxygen involved may be 
such that all of the oxygen may be represented as diatomic molecules, 
it is necessary to insert the coefficient 2 before the formula for potas- 
sium chlorate. 

2KCIO3 KCI -h 

In the balancing of this expression, however, one must recognize the fact 
that the coefficient inserted modifies all that follows in the formula. 
Thus, 2KCIO3 represents a total of 2 atoms of potassium, 2 of chlorine, 
and 6, (2 X 3), of oxygen. This same total number of atoms must also 
be represented on the right of the arrow. 

2KCIO3 — > 2KCI -i- 3(!52 

The resulting expression is a true equation. 

Information Provided by Equations. A correctly written 
chemical equation embodies the following items of information: 

1. The identity of each of the substances (commonly known as the 
reactants) that take part in the reaction. 

2. The identity of each of the products of the reaction. 
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3. The weight relationships between tlie reactants and the produc^ts. 

Information Not Provided by Equations. Although chemical 
equations are extremely useful as a convenient means of describing 
chemical reactions, there are several important items of information 
that ordinarily cannot be incorporated in equations: 

1. An equation gives little or no information concerning the proper - 
ties of the reactants and products. 

2. The fact that a particular chemical equation is written does not 
mean that the reaction represented will actually occur at all. 

3. An equation usually provides no information as to the (experi- 
mental conditions required for the successful completion of the reaction 
indicated. 

4. An equation provides no indication as to tlu^ extent to which a 
given reaction will proceed in the direction suggested by the arrow. 

Although these limitations may at first glance appear to be serious, 
several means of overcoming certain of these deficiencies will become 
apparent as the student becomes more familiar with equations and 
their use. 


CHEMICAL CALCULATIONS 

In the preceding chapter it was show?) that the study of weight 
relationships led to the establishment of (certain fundamentally impor- 
tant laws and to values for the exact relative atomics weights of the 
elements. This information, together with a knowledge of the nature 
of symbols, formulas, and equations, leads to the question as to how 
these relationships may be used in solving problems of a practical 
character. 

3.4. Establishment of Formulas 

The formulas for chemical substances are established as the result 
of experiment. Two kinds of formulas will be considered ht^re: (1) the 
simplest formula and (2) the true formula. In either case, the initial 
experimental information required is a knowledge of the percentage 
composition of the compound in question. 

Simplest Formula. Suppose that a quantitative chemical 
analysis of a compound shows that it consists of 44.89 per cent potas- 
sium, 18.37 per cent sulfur, and 36.74 per cent oxygen. In 100 parts 
by weight of this compound, there are 44.89 parts by weight of potas- 
sium, 18.37 parts by weight of sulfur, and 36.74 parts by weight of 
oxygen. If these relative proportions by weight are divided by the 
respective atomic weights, the resulting quotients will be the number 
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of gram atoms of each of the three elements in 100 parts by weight of 
the compound. 


44.89 
39. f 

32 

36.7 4 

16 


1.15 gram atoms of K 
0.57 gram atom of S 
2.29 gram atoms of 0 


From this result, it might appear that the formula for the compound 
is K 1 . 15 S 0 . 57 O 2 . 29 . These fractional subscripts may not be used, how- 
ever, since only whole numbers of atoms unite to form compounds. 
If tlie fractional subscripts may not be used as such, they at least 
express the correct ratio between the three kinds of atoms. The 
whole-number ratio is obtained by dividing each of the fractional 
subscripts by the smallest one. 


0:57 - '■<"> 

O’ S ? - ‘■<’2 


from which it appears that the simplest formula for the compound 
must be K2SO4. The fact that the foregoing quotients do not turn out 
to be exactly whole numbers is attributed to experimental errors 
involved in determining the percentage composition of the compound. 

True Formula. It happens that the simplest formula, K2SO4, 
derived above, is also the true formula for the compound concerned. 
Accordingly, another example will be considered to illustrate the 
derivation of a simplest formula that differs from the true formula. 

The analysis of a compound of mercury and chlorine shows that the 
(ompound consists of 85.11 per cent mercury and 14.89 per cent 
chlorine. As in the preceding example, the relative numbers of atoms 
of mercury and chlorine present are 


Hg-^ 
^ 200.61 

P, 14.89 

35.457 


0.424; 

0.419; 


0.424 

0.419 

0.419 

0.419 


1.01 

1.00 


1 atom of mercury and 1 atom of clilorine. The simplest formula for 
the compound, therefore, is HgCl. 
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The question as to whether the simplest formula is the same as the 
true formula can be answered by a knowledge of the molecular weight 
of the compound. The weight of the molecule represented by the 
formula HgCl is 200.61 + 35.457 = 236.067. An experimental deter- 
mination of the molecular weight of this compound, however, would 
show that the molecular weight is approximately 470. Since 470 is 
nearly twice 236.067, it follows that in each molecule of the compound 
there must be 2 atoms of mercury anil 2 of chlorine. Accordingly, the 
true formula is Ilg^f^b- 

3.5. Percentage Composition oi Compounds 

On many occasions the chemist wishes information concerning the 
percentage composition of pure chemical compounds. Of course, 
this information may be supplied by quantitative analysis of the sub- 
stances concerned but, if the formula is known, this same information 
may be had by a simple calculation. For example, the oxide of iron, 
Fe 203 . has a molecular weight of 159.68 [i.c., the sum of the weights of 
all the atoms ii\ the molecule: (2 X 55.84) + (3 X 16) = 159.68]. 
Hence, 

X 100% = 69.94% Fe 
X 100% = 30.06% 0 

Suppose that a chemist had available two compounds from which 
to produce zinc on a commercial scale, ZnS and ZnCOa. All other 
factors being equal, it would seem desirable to use the compound (con- 
taining the greater percentage of zinc. This information may be 
obtained as follows: 

At. wt. of Zn = 65.38 
Mol. wt. of ZnS = 97.38 
Mol. wt. of Z11CO3 = 125.38 

Zn in ZnS = X 100% = 67.14% 

Zn in ZnCO, = X 100% = 52.15% 

Other calculations may be made similarly (see exercises at end of 
chapter). 

3.6. Calculations Based on Equations 

No single type of chemical calculation is of more far-reaching 
importance than calculations related to equations. Such calculations 
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serve many useful purposes. They serve as a basis for prediction, as a 
preliminary substitute for experiment, and as a check on the results of 
experiments. 

If it is desired to produce hydrogen by the reaction between a metal 
and an acid, f:ertain aspects of the problem may be clarified by a few 
simple calculations. On the assumption that tin and sulfuric acid are 
to be the reactants, the following equation may be written to represent 
the proposed reaction: 

Sn “h H2SO4 Fl2 SnS04 

(at. wt. = (mol. wt. — (mol. wt. == (mol. wt. = 

118 . 7 ) 98 . 016 ) 2 . 016 ) 214 . 7 ) 

Calculation of Weight of Tin Required. Suppose the chemist 
wishes to produce exactly 25 g. of hydrogen and therefore would like 
to know how much tin would be necessary to produce this weight of 
hydrogen. The required information may be had by a simple calcula- 
tion. The foregoing equation provides the information that 118.7 g. of 
t in are required to produce 2.016 g. of hydrogen. Now if this is true, 
then there must be some weight of tin which upon reaction with 
sulfuric acid will produce 25 g. of hydrogen. Whatever this unknown 
weight of tin may be, its relationship to 25 g. of hydrogen will be the 
same as the relation between 118.7 g. of tin and 2.016 g, of hydrogen. 
If the unknown weight of tin is represented by the traditional x, then 
these relationships may be expressed as a simple proportion in the fol- 
lowing manner: 

a: : 25 : : 118.7 : 2.016 
or 

X ^ 118.7 
25 2.016 

Solving for the value of x, 

2M6x = 25 X 118.7 
25 X 118.7 
^ 2.016 
= 1,472 g. Sn required 

From this result it appears that if 1472 g. of tin are allowed to react 
with sulfuric acid, there will be produced 25 g. of hydrogen. The 
correctness of this result may be confirmed readily by experiment. 

Calculation of Weight of Hydrogen Sulfate Required. 
Although it is required that there be present a quantity of hydrogen 
sulfate (as sulfuric acid) only sufficient (or more than suflScient) to 
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react completely with the 1472 g. of tin, it might be of interest to know 
the exact weight of H 2 SO 4 consumed in the production of 25 g. of 
hydrogen. This calculation may be made either on the basis of the 
weight of tin that reacts or on the basis of the weight of hydrogen 
formed. With y representing the unknown weight of H2SO4, this 
calculation will be made on both bases: 


On basis of Sn that reacts: 
y ^ 9 8.016 
1,472 118.7 

118.7y = 98.016 X 1,472 
98.016 X 1,472 
^ 1T8.7 

= 1,215 g. H 2 SO 4 required 


On basis of hydrogen formed: 
y ^ 98.016 
25 2.016 

2.016y = 25 X 98.016 
25 X 98.016 

2;of6 

= 1,215 g. H 2 SO 4 required 


Calculation of Weight of Stannous Sulfate Formed. Still 
another calculation based on this same equation may be made. By a 
similar calculation, the weight of stannous sulfate (SnS 04 ) that will be 
produced as a by-product of the formation of 25 g. of hydrogen may be 
found. In this case the calculation may be made in relation to (1) the 
weight of Sn that reacts, (2) the weight of H2SO4 that reacts, or (3) the 
weight of H 2 formed. That is, proportions may be represented in 
terms of any one of the three factors known. With z representing the 
weight of SnS 04 , any one of the following three proportions may be 
used to secure the desired result: 


( 1 ) 





( 2 ) 


2 

214.7. 




2 

214.7 

1,472 

118.7 




1,215 

98.016 

118.72 

= 214.7 

X 1,472 



98.0162 

= 214.7 X 1,215 


214.7 

X 1,472 




214.7 X 1,215 

2 

11^7 



2 

98.016 


= 2,662 

g. SnS 04 : 

formed 



= 2,662 g. SnSO. 



(3) 







2 

214.7 






25 

2.016 






2.016Z 

= 25 X 

214.7 





25 X 

214.7 




2 

2.016 





= 2,662 


SnS 04 formed 


Of course, only one of these calculations need be made. The three are 
presented here only to show the relationship between the quantities of 
all of the substances involved. 

Suggestion. In solving a problem the solution to which depends 
upon the quantitative relationships exhibited by chemical equations, it 
is suggested that the following procedure be followed: 




Sec. 3.6] 


SYMBOLS, FORMULAS, EQUATrONS 


35 


1. Write the correct equation representing the chemical reaction 
involved, and the corresponding weight relationships, 

2. Set up a proportion properly related to the equation, 

3. Solve the proportion for the quantity required. To illustrat(\ 
assume that it is necessary to know the quantity of oxygen that may be 
produced by the decomposition of 183 g. of potassium chlorate. 

(1) 2KC\0, -^2KCI'f 3 D 2 

2[39.1 + 35.457 + (3 X 16)] = 245 3(2 X 16) - 96 

(2) 

X 96 
m " 245 

(.3) 245x = 96 X 183 

96 X 183 
^ 245 

= 71.7 g. oxygen liberated 

Problems of this general type will be encountered frequently, particu- 
larly in connection with laboratory work. Again it seems worth while 
to indicate that, although all the foregoing examples have been con- 
cerned with grams of various substances, the quantities involved could 
have been expressed just as readily in terms of other units, such as 
pounds or tons. 


EXERCISES 

1. What is the grairi-inolecular weight of each of the following compounds.^ 

(a) JVln02 (d) NaaS.Os 

(h) Ca (011)2 (e) HC.HaOs 

(c) KNO3 (/) CU(112P04)2 

2. The elements sulfur and oxygen combine to form a compound known as 
sulfur trioxide, the formula of which is SO3. Write an equation for the reaction. 

3. If, in carrying out a chemical reaction, one wished to use exactly 10 moles 
of cane sugar (formula, G 12 H 22 O 11 ), what weight (a) in grams and (6) in pounds 
would be required ? 

4. The decomposition of lead dioxide by means of heat leads to the formation 
of lead monoxide (PbO) and oxygen. Express thevse fa<;U by means of an equation. 

5. When aluminum and sulfuric acid react, the products of the reaction are 
hydrogen gas and aluminum sulfate, the formula of which is Al 2 (S 04 ) 3 . Write an 
equation for this reaction. 

6. A pure compound, upon analysis, is found to contain 43.4 per cent Na, 
11.3 per cent C, and 45.3 per cent O. What is the simplest formula for the 
compound ? 

7. The analysis of a pure compound shows that it consists of 80.0 per cent 
carbon and 20.0 per cent hydrogen, (a) What is the simplest formula for this 
compound? (6) If the molecular weight of the compound is approximately 30, 
what is the true formula? 

8 . Calculate the percentage of S in H 2 SO 4 . 
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9. Calculate the percentage of 0 in KCIO3. 

10. Calculate the weight of KCIO3 required for the production of 10 g. of KCI. 

11. By the decomposition of some KCIO3 there were obtained 45 g. of oxygen. 
Calculate the weight of KCI that was also formed in this reaction. 

12. The decomposition of mercuric oxide, IlgO, by means of heat results in the 
formation of mercury and oxygen, (a) Write the equation for the reaction. 
(6) Calculate the weight of mercury (in tons) that will be produced by the decom- 
position of 7.56 tons of HgO. (c) Express the calculated result in terms of 
milligrams. 
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CHAPTER IV 

PREPARATION AND PROPERTIES OF 
OXYGEN; THERMOCHEMISTRY 


Of the known chemical elements, oxygen is by far the most abun- 
dant and certainly one of the most important. Elemental oxygen is 
present in air to the extent of approximately 21 per cent and makes up 
more than 50 per cent of the earth’s crust. This element also con- 
stitutes a significant part of such familiar materials as wood, ores, 
cotton, and foodstiilfs. Oxygen 
and compounds of oxygen are essen- 
tial in such important processes as 
animal and plant respiration, the 
burning of fuels, the corrosion or 
rusting of metals and alloys, and the 
dec;ay of animal and vegetable mat- 
ter. Historically, the English 
clergyman, Priestley (Fig. 9), is 
commonly credited with the dis- 
covery of oxygen. There is ample 
evidence, however, to indicate that 
this element was first prepared and 
recognized as an elemental sub- 
stance by the Swedish chemist, 

Scheele (Fig. 10). 

4.1. Preparation of Oxygen 

Methods for the production of 
elemental or compound substances 
may be classified as (a) laboratory 
methods and (6) commercial 
methods. The choice of procedure employed in any given instance 
is governed by numerous factors such as the quantity and the purity 
of the material required, cost, and convenience. For small-scale use 
in the laboratory, methods which r^ult in pure products and which 
are convenient to use are usually preferred regardless of the cost 
involved. 



Fig. 9. — Joseph Priestley (1733- 
1804). {Courtesy of The Edgar Fahs 
Smith Memorial Collection in the 
History of Chemistry ^ The University of 
Pennsylvania.) 
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Separation of Oxygen from Air. Dry air is a mixture consisting 
of roughly 21 per cent oxygen and 78 per cent nitrogen by volume. 
The remaining 1 per cent consists of carbon dioxide (CO 2 ) and a group 
of elements whicii are usually referred to as “the inert gases of the 
atmosphere/’ viz,, helium (He), neon (Ne), argon (A), krypton (Kr), 
and xenon (Xe). 

Under suitable experimental conditions, air may be caused to 

liquefy. When the resulting liquid 
mixture is allowed to boil, the 
various components pass from the 
liquid to the gaseous state at 
different tempe^ra lures. After a 
quantity of “liquid air” has been 
allowed to boil until a little more 
than four-fifths has vaporized, llu^ 
li(|uid that remains is oxygen of 
sufficient purit y for most industrial 
uses. The greater part of the oxy- 
gen sold (ommercially is secured 
from the air. 

Preparation of Oxygen by 
the Decomposition of Water. 
Water is a cheap, abundant “raw 
material” which is exceptionally rich in oxygen (nearly 90 per cent 
by weight). By subjecting water to the action of an electric current, 
water may be decomposed as shown by the equation, 

2H2O 2H2 + D2 

This method for the production of oxygen is adaptable to both labora- 
tory and commercial-scale use. 

Preparation of Oxygen by the Decomposition of Other Com- 
pounds of Oxygen. The most convenient method for the production 
of pure oxygen on a laboratory scale involves the thermal decomposi- 
tion of certain compounds that contain oxygen. It has already been 
shown that oxygen is liberated when potassium chlorate is decomposed 
by heat. In a similar manner, other compounds containing oxygen 
may be decomposed. It should not be inferred, however, that all 
compounds of oxygen are decomposed with the liberation of elemental 
oxygen. Many such compoun|is will, when heated, give up only a 
part of their oxygen while still^thers yield products other than the 
element oxygen. 
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There are given below five equations representing reactions that 
yield oxygen gas. All these reactions require that the solid reactants 
be heated to elevated temperatures which differ depending upon the 
particular compound used as the source of oxygen. 

2HgO -> 2Hg + O 2 
Mercuric 
oxide 

2Pb02 2PbO +D 2 

Lead Lead 

dioxide monoxide 

3Mn02 — ^ Mn 304 O 2 

Manganese Manganous- 
dioxide manganic 

oxide 

2KN08 2 KNO 2 +D 2 

Potassium Potassium 

nitrate nitrite 

( 1 1 is not necessary that the student memorize these or other equations. 
When the names and formulas of the reactants and products have been 
learned, the equations may be written by application of the method 
previously outlined.) 

4.2. Catalysis 

When white solid crystals of pure potassium chlorate are heated, the 
solid melts when the temperature reaches 200°C. At this temperature, 
however, oxygen is not liberated at any appreciable rate. In order 
for the decomposition to occur rapidly it is necessary to raise the tem- 
perature above 360°. If to pure potassium chlorate there is added a 
very small quantity of manganese dioxide, it will be found that the 
KCIO3 is decomposed rapidly at about 200°. That is, in the presence 
of a foreign substance, manganese dioxide, the rapid decomposition 
of potassium chlorate occurs at a considerably lower temperature than 
that required in the absence of the foreign substance. Consider the 
two parallel situations: 

I KCIO 3 alone decomposes very slowly 

KCIO3 in the presence of Mn02 decomp)oses very rapidly 

Before this striking result can be explained, it is necessary also to know 
that upon completion of the decomposition of the KCIO3, the MnOz 
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can be recovered unchanged. As far as can be ascertained, the Mn02 
is the same material in every respect as that originally mixed with the 
potassium chlorate and has not been altered in any way. The Mn02, 
however, by virtue of its presence is seen to be capable of speeding 
up the decomposition of potassium chlorate. This is an example of 
catalytic action or catalysis. A similar result would have been 
obtained by using ferric oxide (Fe 203 ) or potassium dichromate 
(K2Cr207) ill place of the manganese dioxide. The use of manganese 
dioxide as a catalyst for the preparation of oxygen by the decom- 
position of potassium chlorate may appear to be subject to criticism 
on the grounds that Mn02 will itself yield oxygen when heated. Such 
criticism is rendered invalid by the fact that the decomposition tem- 
perature of manganese dioxide is much higher (535°C.) than the 
temperature employed in the catalyzed decomposition of KCIO3 and 
by the fact that, after use as a catalyst, the Mn 02 can be recovered 
unchanged. 

In addition to substances that accelerate certain chemical reactions 
there are some that decrease the rates of certain reactions. The 
presence of a foreign substance that is not itself consumed in the 
reaction may result in (1) an increase, (2) a decrease, or (3) no change, 
in the rate of a given reaction. Accordingly, a catalyst may be 
defined as a substance which alters the rate of a chemical 
reaction and which is not consumed in the reaction. It is 
becoming increasingly common to restrict the term catalyst to those 
substances which increase the rates of reactions and to describe those 
which decrease reaction rates as retarders or mliibitors. 

In general, catalysts and retarders are very specific in their behavior. 
A substance that catalyzes one reaction may be wholly without effect 
in another reaction. Similarly, a material that is a catalyst for one 
particular reaction may act as an inhibitor for another. The entire 
subject of catalysis is one of the most intriguing and least understood 
phases of the science of chemistry. 

Applications of Catalysis. In connection with commercial 
chemical processes, applications of both catalysts and inhibitors 
are numerous. In fact, many important industrial products are 
available at low cost only because of catalytic action. Finely divided 
platinum, ferric oxide, vanadium pentoxide (V2O5), and oxides of 
nitrogen are used to accelerate the combination of sulfur dioxide and 
oxygen in the manufacture of sulfuric acid. One method for the com- 
mercial production of ammonia (NH3) depends upon the fact that the 
union of nitrogen and hydrogen is catalyzed by metals such as platinum 
or uranium. Liquid vegetable oils such as cottonseed oil are changed 
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into semisolid substitutes (such as Crisco, Snowdrift, or Spry) for 
animal fats by reaction with hydrogen in the presence of a catalyst 
consisting of finely divided nickel. 

There are also many examples of the use of inhibitors. Many food 
and drug products deteriorate when exposed to the air unless suitable 
inhibitors or retarders, such as sodium benzoate, are added. The 
useful life of articles made of rubber is increased by the presence of 
retarders which decrease the rate at which the rubber is attacked by 
atmosplieric oxygen. 

4.3. Properties of Oxygen 

Under ordinary conditions of temperature and pressure, oxygen is 
a colorless, odorless gas which is slightly heavier than air and whicjh 
dissolves in water to the extent of only 3 volumes of oxygen per 100 
volumes of water. When cooled to --182.963°C., oxygen passes from 
the gaseous to the liquid state. Liquid oxygen has a steel-blue color 
and is highly magnetic. At — 218.4°C., liquid oxygen solidifies. 
Other properties which may be listed here and the significance of which 
will be explained later are boiling temperature = — 182.963°C.; 
melting temperature = -~218.4°C.; critical temperature = — 118.8®C.; 
density = 0.0014292 g. per cc. All the properties mentioned thus far 
are of the type known as physical properties. There are also those*, 
properties which are known as chemical properties. The chief chemical 
property of oxygen is its tendency to combine with other elements to 
form compounds known as oxides. It has already b(ien pointed out 
that under ordinary conditions oxygen gas consists of molecules con- 
taining 2 atoms each. 

4.4. Uses of Oxygen 

The annual production of oxygen in the United States amounts to 
approximately 2,500 million cubic feet, most of which is obtained from 
liquid air. The bulk of this oxygen is used in the production of high 
temperatures in the burning of gaseous fuels such as acetylene in the 
oxyacetylene torch which is used in the cutting and welding of metals 
and alloys. Minor uses center about the problem of supplying ade- 
quate oxygen for human respiration under conditions where the quan- 
tity of oxygen in the atmosphere is insufficient. Thus, portable tanks 
of oxygen are carried by aviators for use at very high altitudes, by 
mine rescue squads following explosions, by the crews of submarines 
that must remain submerged over considerable periods of time, and by 
divers engaged in undersea work. The physician frequently adminis- 
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ters oxygen in the treatment of respiratory ailments, such as 
pneumonia. 

4,5. Ozone 

When pure dry oxygen or dry air is passed between two electrically 
charged plates arranged as shown in Fig. 11 , a portion of the oxygen 
is converted to a substance known as ozone, which has the formula, O 3 . 

3 O 2 + energy -> 2(38 

During storms, small traces of ozone arti produced in the atmosphere 
by lightning discharges. At ordinary temperatures, ozone is a pale- 
blue gas having a characteristic “fresh” odor. It is about 1.5 times 
as heavy as ordinary oxygen and is much more active chemically, as is 

Oxygen 



To induction 
coH 

Fig. 11. — Apparatus for the preparation of ozone by the method of Siemens. 

shown by the fact that it will combine readily with metals such as 
silver and mercury which unite with ordinary oxygen only very slowly. 
Ozone is very unstable and decomposes into ordinary oxygen, 

203 302 

a reaction which proceeds rapidly at elevated temperatures and which 
is catalyzed by water vapor. Pure ozone decomposes with explosive 
violence. Because of the difficulty and high cost of producing ozone, 
the pure substance is not used commercially; however, air containing 
appreciable quantities of ozone (“ozonized air”) is used in certain 
European countries for the sterilization of drinking water. Ozonized 
air has also been used to a limited extent as a bleaching agent, as a 
deodorizer, and as a disinfectant. 

The existence of an elemental substance in two or more forms hav- 
ing distinctly different properties is not uncommon. These different 
forms are called allotropic modifications of the element. The element 
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oxygen is one that exhibits allotropy since the two allotropic modifica- 
tions, O2 and O3, are known. Several of the nonmetals and metals 
exhibit allotropy and certain of these cases will be studied later in 
some detail. 

4.6. Combustion 

All the elements excepting the inert gases combine with oxygen to 
form oxides. These oxides are classified as binary compounds since 
they contain only two kinds of elements. Thus, an oxide may be 
defined as a binary compound which contains the element 
oxygen. This process of combination with oxygen is known as oxida- 
tion,^ and the substance that unites with oxygen is said to be oxidized. 
The union of elements (or of compounds) with oxygen is accompanied 
by either the absorption or the liberation of energy in the form of 
heat. The oxidation of a given quantity of matter involves the same 
quantity of heat (liberated or absorbed) regardless of the rate at which . 
the oxidation occmrs. Rapid oxidation accompanied by the 
liberation of energy in the form of heat and light is called 
combustion. 

When heat is liberated in an oxidation reaction, the atmosphere and 
surrounding objects absorb the liberated heat with the result that the 
temperature of the material undergoing oxidation does not become 
very high. If, however, the substance being oxidized is so insulated 
that the heat evolved cannot escape readily, the temperature may 
increase to such an extent that the substances burst into flame, i.c., 
spontaneous combustion occurs. Oil-soaked rags frequently are 
involved in spontaneous combustion because the oil oxidizes slowly 
and the rags provide insulation which prevents the escape of the heat 
liberated. As the heat accumulates, the temperature is increased and 
the oxidation proceeds progressively more rapidly until finally the 
ignition temperature of the mass is reached and it bursts into flame. 

4.7. Production and Uses of the Inert Gases of the Atmosphere 

Although the inert gases are present in the atmosphere only to the 
extent of about 1 per cent (by volume), methods have been devised 
whereby helium, neon, argon, krypton, and xenon may be obtained in 
a fair degree of purity. These gaseous elements, which were dis- 
covered by the English chemist, Ramsay, and his co-workers, are 
unique among the chemical elements in that these inert gases exhibit 

^ The term oxidation is not, however, restricted to reactions involving oxygen. 
Broader implications of the term will be considered later and will be shown to 
embrace a broad class of important chemical reactions. 
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little or no tendency toward entering into chemical combination. 
Since these elements arc inactive chemically, they must be separated 
and purified by physical rather than by chemical metfiods. 

Helium is obtained from natural gas in plants owned and operated 
by the government and located in Kansas and Texas (Fig. 12). The 
gases from certain wells in this region contain considerable quantities of 
nitrogen and approximately 1 per cent helium. The latter is separated 
by liijuefying all the other gases, and the gaseous helium (which boils 
at the very low temperature of — 268.90°C.) is then separated from 
the other liquefied gases. In tliis manner about 30 million cubic feet 
of lielium are produced annually at a cost of only about 5 cents per 



Fig. 12. — Aerial view of a helium plant located at Amarillo, Tex. (Courtesy of 
U. S. Department of the Interior, Bureau of Mines.) 


cubic foot, whereas, in 1918, the use of less efficient methods involved 
a production cost of approximately $2500 per cubic foot. Helium is 
used chiefly in the inflation of observation ballons and other lighter- 
than-air craft. Its advantage over hydrogen for this purpose lies in the 
fact that helium will not burn. Although twice as heavy as hydrogen, 
helium has 92.6 per cent of the “lifting power” of hydrogen. 

Neon, argon, krypton, and xenon are produced commercially by 
the fractional distillation or fractional liquefaction of air. Neon (and 
to some extent helium and argon) is used in the so-called neon signs 
so widely used in advertising, in airplane beacons, etc. Such signs 
may be operated at low cost and penetrate fog much better than ordi- 
nary electric lights. The different colors produced depend upon the 
colors of the glass tubes used, the relative quantities of neon, argon> 
and helium employed, and the presence of mercury vapor and other 
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foreign substances. Argon is used chiefly in filling electric light bulbs. 
Nitrogen was formerly used for this purpose, but the bulbs filled with 
argon are much more efficient, serve longer, and produce a light more 
like natural daylight. There are at present no important uses for 
krypton and xenon because of their scarcity and high cost of produc- 
tion. There is, however, evidence that electric light bulbs filled with 
these two gases are even more efficient than those filled with argon. 

THERMOCHEMISTRY 


4.8. Forms of Energy 

It has already been pointed out that every chemical reaction is 
accompanied by a characteristic energy change. Energy is usually 
defined as the ability of a body to perform work and is recognized 
in many different forms such as electrical energy, mechanical energy, 
chemical energy, kinetic energy, or potential energy. Kinetic energy 
is energy possessed by a body in motion and is equal to one-half the 
product of its mass by the square of its velocity, 

Kinetic energy (K.E.) = 

Potential energy is energy that is possessed by a body by virtue of its 
position. Chemical energy is merely a special name for the kinetic 
and potential energies which are possessed by atoms and molecules 
and which become evident when these atoms and molecules undergo 
chemical change. 

The law of conservation of energy holds that energy may be 
neither created nor destroyed. One form of energy may be converted 
into one or more other forms, but the total quantity of energy is 
thereby unchanged. Thus, the kinetic energy of a waterfall may be 
converted into electrical energy, heat energy may be converted to 
mechanical energy, etc. 

4.9. Exothermal and Endothermal Reactions 

The energy changes that accompany chemical reactions are usually 
expressed in terms of heat energy. Heat energy is measured in terms 
of a unit known as the calorie, which is the quantity of heat required to 
raise the temperature of 1 g, of water from 15° to 16°C. It is fre- 
quently desired to incorporate in chemical equations information as 
to the number of calories of heat liberated or absorbed, and equations so 
written are usually called ihermochemical equations. There is no 
sound basis for predicting whether heat will be liberated or absorbed 
in any given chemical reaction; this information must be obtained by 
experiment. 
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Chemical changes in which heat is given up to the surroundings 
(liberated) are known as exothermal reactions. Since heat is liberated, 
the heat may be considered as a product of the reaction and so repre- 
sented in the thermochemical equation, thus, 

C -f- O 2 — ^ CO ‘2 “1“ 94,237 cal. 

This equation provides the information that the union of 12 g. of 
carbon (in the form of graphite) and 32 g. of oxygen results in the 
formation of 44 g. of carbon dioxide and the liberation of 94,237 cal. of 
heat. This quantity of heat is liberated regardless of whether th(^ 
12 g. of carbon are burned slowly or rapidly. Other examples of 
exothermal reactions are given by the equations. 


2H. 

+ 

D 2 


2H,0 

+ 

136,720 

cal 

S 

+ 

0. 


5 O 2 

+ 

70,940 

cal. 

4P 

-f- 

5 D 2 


2 P 2 O. 

+ 

739,800 

(^al 

4Na 

+ 


— > 

2Na,iO 

+ . 

200,320 

cal 

2KCIO, 


2KCI 

1 + 

3Dj 

+ 

26,260 

(^al 

2Pb02 

-> 

2PbO + 

(52 

+ 

75,400 

(^al. 


From experience in the laboratory the student may have learned that 
the decomposition of KCIO3 requires the application of heat and may 
wonder why this should be so in the case of an exothermal reaction. 
As pointed out in Sec. 4.2, the heat applied serves merely to raise the 
temperature to an extent such that the rate of the dccompositiou 
becomes appreciable. Thereafter, the reaction does proceed with 
liberation of heat. 

If, on the other hand, heat is absorbed from the surroundings 
during a chemical change, the reaction is said to be an endothermal 
reaction. Since the heat energy in such a case is required for the 
occurrence of the reaction, the heat may be looked upon as one of 
the reactants and accordingly represented on the left of the arrow 
in the thermochemical equation, 

2HgO -f 43,200 cal. 2Hg + D 2 
2 KNO 3 + 61,120 cal. 2 KNO 2 -f D 2 

These equations show that definite quantities of heat are absorbed 
in the decomposition of definite quantities of mercuric oxide and 
potassium nitrate. For no apparent good reason other than the fact 
that it has become conventional practice to do so, heat absorbed in 
endothermal reactions is most commonly represented to the right 
of the arrow in the thermochemical equation. Thus, the foregoing 
equations may be written in conventional form by transposition of the 
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heat term to the right-hand side of the arrow (equality sign) with the 
necessary change in sign. 

2HgO -> 2Hg -f 02 - 43,200 cal. 

2 KNO 3 2 KNO 2 + O 2 - 61,120 cal. 

Hence, the sign of the heat term indicates whether the reaction is 
exothermal or endothermal. 

Information concerning the quantity of heat energy involved in 
chemical reactions is important because the tendency toward 
the occurrence of a chemical change is roughly proportional to 
the quantity of heat liberated. Thus, if a large quantity of heat 
is liberated in a given reaction, the tendency for this reaction to occur 
is relatively great; if the quantity of heat liberated is small, the 
tendency for such a reaction to occur is correspondingly small. 

4.10. Distinction between Heat and Temperature 

Heat has been defined as a form of energy which may be measured 
in terms of calories. Hence, the use of the term heat carries the impli- 
cation of quantity. Care should be exercised in order that the terms 
heat and temperature may not be confused. Suppose that two con- 
tainers are filled with water and heated (supplied with calories) at the 
same rate until the water in the smaller container boils. If the same 
number of calories is supplied to the contents of both containers, the 
temperature of the boiling water in the smaller container will be 100°C. 
while that of the water in the larger container will be somewhat less 
than 100°. Although the same number of calories is transferred to 
both bodies of water, the heat supplied to the larger body of water is 
not sufficient to cause boiling because this heat is distributed through- 
out a larger volume of water. Thus, temperature is a measure of the 
extent to which calories are piled up on or within a body of matter 
or the extent to which these heat units are concentrated within a given 
volume. Heat, then, is a quantity factor, while temperature is an 
intensity factor. 

4.11. Measurement of Temperature 

Temperature is commonly (but not always) measured by an 
instrument called a thermometer, usually consisting of a glass bulb 
which is attached to a long glass tube having a small capillary bore 
and which is graduated in divisions called degrees. The glass bulb is 
filled with mercury or other liquid that will expand when heated and 
rise in the small opening in the glass tube. The Fahrenheit tempera- 
ture scale is used in the home and to a great extent in industrial plants 
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iu English-speaking countries. This scale is constructed in a wholly 
arbitrary manner by marking the position of the thread of mercury 
in the thermometer stem when the bulb is in contact with melting ice 
and calling this temperature 32°. Similarly, the temperature of boiling 
water on this scale is called 212°, and the intervening distance on the 
thermometer stem (as well as above 212° and below 32°) is divided 
into scale divisions of equal length. 

The centigrade scale has been arbitrarily established in the same 
manner except that the temperature of melting ice is taken as 0° and 
the temperature of boiling water is called 100°. This scale is the one 
most commonly used in scientific work throughout the world. It is 
frequently necessary to convert temperature readings from one 
thermometer scale to another. A comparison of the Fahrenheit and 
centigrade scales (Fig. 13) provides a basis for such a conversion. 

Cenii grade 
Fothrenheif- 

F''ig. 13.— Comparison of centigrade and Fahrenheit temperature scales. 

Since each division on the Fahrenheit scale is five-ninths of one division 
on the centigrade scale, Fahrenheit temperatures may be converted to 
centigrade by the following relationship: 

°C. = (°F - 32) 

or 

°F. - %(°C.) + 32 

It should be understood clearly that both of these are arbitrary 
man-made temperature scales. Another scale which has its founda- 
tion in the natural behavior of matter will be considered in the next 
chapter. 

4.12. Temperature and Chemical Change 

The occurrence of chemical reactions is believed to be dependent 
upon the ability of molecules to move through space as a result of their 
kinetic energy. If the temperature of a substance is increased (i.e., if 
heat energy is supplied), the heat energy is converted to, and hence 
serves to increase, the kinetic energy of the molecules. Since the mass 
of the individual molecules does not change (K.E. = the 

velocity of their motion must be increased. Accordingly, an increase 
in temperature increases the kinetic energy of the molecules with a 
corresponding increase in the rate at which the molecules can undergo 
change. 

Although not a hard and fast rule, the following is a very useful 
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generalization with respect to the influence of temperature upon the 
rales of chemical reactions in general: for reactions occurring at ordi- 
nary temperatures, the rate of reaction is approximately doubled by a 
temperature increase of 10®C. 

4.13. Other Factors that Influence the Rates of Chemical 
Reactions 

In addition to temperature, two factors that influence the rates of 
cliernical (4ianges are (1) concentration and (2) catalysis. The influ- 
eiK^e of catalysts has already been discussed. 

By the term concentration is meant the quantity of matter contained 
in some dehnite volume. Concentration might be expressed in terms 



o Oxygen molecules 
• Nitrogen molecules 

Fig. 11. — Concentration of gas molecules. 


of the number of grams of a substance contained in a volume of 1 cc. 
or 1 liter. It might be useful also to express concentration in terms 
of the number of molecvules or atoms of a substance contained in some 
unit of volume such as a cubic centimeter or a liter. 

The manner in whicli the rate of a chemical reaction may be influ- 
enced by a change in concentration may be understood by considering 
one or two simple examples. If a wooden splint is heated in air 
(which contains about 21 per cent of oxygen) until the splint glows 
and then is thrust into a test tube containing pure oxygen, the glowing 
splint will burst into flame. The reason for this is that the glowing 
splint has been brouglit into an atmosphere that is richer in oxygen 
than is ordinary air, ne., the concentration of oxygen is greater in the 
test tube and accordingly the union of the wood with oxygen proceeds 
at a greater rate. To consider another example, suppose that it is 
desired to produce nitric oxide by the direct union of nitrogen and 
oxygen. 

R 2 T (52 2 MO 
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If 3 molecules of nitrogen and 3 molecules of oxygen are mixed in a 
closed 1-liter flask (Fig. 14), the reaction will proceed at a definite rate 
which depends upon the temperature and upon the frequency with 
which the molecules meet as they move through space. If, now, the 
same number of molecules of nitrogen and oxygen are placed in a 
3 / 2 -liter flask at the same temperature, the reaction will proceed mor(i 
rapidly than in the first case because the concentration of the reacting 
substances has been increased. In the f 2 -fiter flask, the concentration 
(number of molecules per unit of volume) is twice as great as in the 
1-liter flask, and the molecules of nitrogen and oxygen will meet mor (* 
frequently and therefore will react more rapidly. 

The rates of reaction of solid substances are also dependent upon 
their state of subdivision. A large compact lump of a solid material 
cannot, for example, react with oxygen so rapidly as would be the case 
if the large lump were first ground to a fine powder. A lump of coal 
is burned only slowly, but finely powdered coal may be caused to react 
with ordinary air at an explosive rate — a chemical change that is 
involved in many mine explosions. The more finely subdivided mate- 
rials react at a greater rate because so much more surface is exposed. 

EXERCISES 

1. Define the following terms: (a) catalyst, (b) accelerator, (c) retarder, (d) 
combustion, (e) kinetic energy, (/) potential energy, {g) chemical energy, (h) 
(concentration. 

2. What are allotropic modifications of an element? 

3. Distinguish between (a) positive and negative catalysis, (6) exothermal and 
endothermal reactions, (c) heat and temperature. 

4. List three experimental conditions that influence the rates of chemical 
reactions. 

5. Cfive important commercial uses for (a) oxygen, (6) helium, (c) neon, 
(d) argon. 

6. Convert the following centigrade temperatures to the (corresponding 
Fahrenheit temperatures: (a) 86°C., (6) 438°C., (c) — 73°C. 

7. Convert the following Fahrenheit temperatures to the corresponding 
centigrade temperatures: (a) 100 °F., (6) — 162°F., (c) 0°F. 

8. Calculate the percentage of oxygen in (a) potassium chlorate, (b) manganese 
dioxide, (c) potassium nitrate. 

9. Calculate the weight of oxygen which may be obtained by heating 100 lb. 
of each of the above compounds. 

10. If potassium chlorate costs 45 cents per pound, manganese dioxide costs 
24 cents per pound, and potassium nitrate costs 34 cents per pound, which of 
these three substances is the cheapest source of oxygen if the cost of the oxygen 
compound is the only factor involved? 

11. What other factors might need to be considered in deciding which of thes(^ 
three compounds would be the cheapest to use in the production of oxygen on a 
large scale? 
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12. At what ieirif)eratiire is the value on the centigrade scale identical with 
that on the Fahrenheit 8(iale? 
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CHAPTER V 

PROPERTIES OF GASES 


Each of the three states of matter has certain characteristic proper- 
ties which are different from those of the otlier two. Solids are 
relatively dense materials and retain their form regardless of the size 
or shape of the container in which they are placed (Fig. 15). Liquids 
have the ability to flow and to assume ttie shape of any vessel in all 
except the vertical direction. Gases differ from liquids and solids in 
that they enjoy relatively unrestricted motion and are (‘apable of 
moving through space at higli velocities and of distributing themselves 
uniformly in all directions throughout the vessel in which they are 
confined. 



Although man lives in a gaseous atmosphere, he is less aware of the 
existence of gases than of the existence of liquids and solids. This is 
largely due to the fact that many of the most common gases are color- 
less, odorless, and of low density. 

5.1. Regularities Observed in the Behavior of Gases 

Progress in the understanding of chemical changes requires a 
knowledge of the make-up or structure of the various forms of matter. 
It has been known for a long time that the structure of gaseous sub- 
stances is much simpler and more easily studied in the laboratory than 
the structure of either liquids or solids. Furthermore, much of the 
information gained from the study of gases is of value in attempts to 
learn of the structure of liquids and solids. Experiments performed 
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by scientists over a long period of time have shown that all the common 
gases behave very much (although not exactly) alike. For example, 
it is a familiar fact that confined gases exert pressure on the walls of 
their containers. All gases lend to expand when heated. These and 
other facts suggest that the structures of different gases must be very 
similar. 

5.2. Kinetic-molecular Theory 

In an effort to explain the behavior of matter in the gaseous condi- 
tion, there lias been developed a menial picture known as the kinetic- 
molecular theory. To understand this theory and to utilize it in the 
study of gases require the exercise of one’s imagination. The principal 
ideas that make up the kinetic-molecular theory may be outlined as 
follows : 

1. A gas is believed to consist of molecules separated by relatively 
wide empty spaces, 

2, The diameters of the gas molecules are very small in comparison 
with the distance between molecules. Theses ideas are wholly reasonable 
in view of the low density of gases. If this were not the case, one 
could not walk through a gaseous atmosphere without encountering 
resist ance similar to that met in walking through w ater. 

5. CmOS molecules are in a constant state of rapid and chaotic motion, 

4. Gas molecules move in straight lines until they collide with other 
molecules or with the ivalls of the containing vessel. The sum of the 
impacts of billions of moving gas molecules against the walls of a 
closed container constitutes the pressure exerted by a confined gas. 
The walls of a vessel filled with a gas may be thouglit of as being 
constantly “bombarded” by rapidly moving molecules. 

5. When gas molecules collide, they rebound ivithout loss jf energy. 
If this were not true, gas molecules would suffer a loss in kinetic energy 
upon collision and finally would be incapable of existing in the gaseous 
state. It is largely because. of the “elastic” character of these colh- 
sions that gas molecules do not settle to the bottoms of their containers 
under the influence of gravity. 

6. The average kinetic energy of all different kinds of gas molecules is 
the same. Since different kinds of gas molecules have different masses, 
their velocities must be such as to give all the same average kinetic 
energy (K.E. = y^^v^) at any specified temperature. This means 
simply that light molecules must have velocities of motion greater than 
those of heavy molecules. 

7. There exists between gas molecules a force of attraction which, at 
ordinary temperatures and pressures, is small in comparison with the 
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kinetic energy. This force of attraction or cohesion is ordinarily so 
small that it is incapable of overcoming the influence of the kinetic 
energy which serves to keep the molecules apart and in motion. 

At first glance, this theory may appear to be sornewliat visionary, 
particularly in view of the fact that it is impossible to observe the 
behavior of any single molecule or any small number of molecules. 
Nevertheless, the more that is learned about, the behavior of gases, the 
more sound does this tlieory appear to be. The ultimate test of any 
theory is the success attendant upon its use in the interpretation of the 
results of actual experiments. 

5.3. Gas Laws 

The study of gases has led to the formulation of a number of laws 
which serve to describe the behavior of substances in the gaseous condb 
tion. These laws may be stated either in words or in the form of exact 
mathematical expressions. It should be understood (‘Jearly that these 
are not man-made laws. They are simply concise descriptions of 
observed habits of nature; they describe but do not govern, 

5.4. Measurement of Pressure 

A familiar example of the exertion of pressure by gases is the pres- 
sure of the atmosphere. It is well known that the pressure exerted 
by the gaseous atmosphere is less at the top of a mountain than at the 
bottom. The pressure exerted by the atmosphere 
(or any other gas) may be measured by an instru- 
ment known as the barometer, a simple form of which 
is shown in Fig. 16. A glass tube 800 mm. (about 
31.5 in.) in length is closed at one end, filled with 
mercury, inverted, and the open end placed beneath 
the surface of mercury contained in an open vessel. 
The mercury falls in the tube and a vacuum is formed 
above the mercury. The reason that all of the liquid 
mercury does not flow from the tube owing to 
gravitational attraction is that some is prevented 
from doing so by the pressure exerted by the atmos- 
Fig. 16.—A phere upon the surface of the mercury in the open 

simple type of yessel. The pressure exerted by the atmosphere 
b&romctcr • * 

is measured by the distance, rf, between the level of 

the mercury in the tube and the level of the mercury in the open 
vessel. At sea level, the average pressure of the atmosphere is suffi- 
cient to support a column of mercury 760 mm. in height and is called 
one atmosphere (1 atm.) . Accordingly, a pressure of 2 atm. would mean 
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a pressure equal to that exerted by a column of mercury 1520 mm. in 
height, or twice the average pressure of the atmosphere at sea level. 

5.5. Measurement of Volume 

The unit of weight known as the gram has already been defined as 
the weight of one milliliter of water at 4°C. Accordingly, one kilo- 
gram (1000 g.) of water at 4®C. represents the weight of one liter of 
water. For purposes of (comparison it is convenient to remember that 
the liter is a unit of volume just a little larger than the quart, since 1 
liter = 1.0567 qt. In sci(cntific work, relatively large volumes of 
liquids or solutions are expressed in terms of liters while smaller 
volumes are expressed in terms of milliliters. One milliliter is one 
one-thousandth part of a liter. The term milliliter is abbreviated 
as ml. 

Another unit of volume which is commonly used, partic 3 ularly in 
dealing with gases, is ihc cubic centimeter (abbreviated, cc.). A cubuc 
centimeter is the volume enclosc^d by a cube one, centimeter on an 
edge (inside measuremenl). Sinc^e 1 lit(cr (1000 ml.) == 1000.028 cc., 
Ihe two units, milliliter and cubic centimeter, are not identical. 
Although the diflencnce between the two is so small as to be negligible 
for most purpos(cs, the milliliter is most commonly used in expressiiig 
small vcfiumes of liquids and solutions, while the two are used inter- 
chang(cably in work involving small volumes of gases. 

5.6. Relation between Pressure and Volume; Boyle’s Law 

If a definite quantity of a gas is confined at some fixed temperature 
in a cylinder fitted with a movable piston, the position of the piston 
will be such that the pn^ssure exerted by the gas contained in the 
cylinder will be the same as that exerted by the outside afmosphere 
(Fig. 17). If now the outside pressure is increased to 2 atm., the pis- 
ton will move downward in the cylinder until the confined gas o(‘(cupies 
essentially one-half of the original volume. That is, if the pnessure is 
doubled, the volume is decreased by one-half. Experiments of this 
kind led Robert Boyle, in the year 1660, to state what has come to be 
known as Boyle^s law. At constant temperature, the volume 
occupied by a definite weight of gas is inversely proportional 
to the pressure. Or, stated in the form of a mathematical expression, 

1 

V cc — 

P 

where v represents the volume and p represents the pressure. An 
inverse relationship such as this requires that, if one of two factors 
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changes in a given direction (e.g., increases), the other factor must 
change to the same extent but in the opposite direction (/'.e., must 
decrease). 

To replace the proportionality sign by an equality sign requires the 
introduction of a proportionality constant, k. 


which is the usual mathemati('al expression of Boyle’s law. 



Fig. 17. — The relationsliip between tlie pressure exerted upon (or by) a confined 
gas and the volume which it occupies. 

By reference to Fig. 17, Boyle’s law may be explained in terms of 
the kinetic-molecular theory. In the first cylinder, the pressure 
exerted on the inner surface of the piston is the result of bombardment 
by the moving gas molecules contained in the cylinder and is the same 
as the pressure being exerted (in the same manner) by gas molecules 
of the atmosphere. When the external pressure is doubled and the pis- 
ton assumes position B, the pressure exerted by the confined gas 
molecules must also be equal to 2 atm. The original number of gas 
molecules has been crowded into half the original space. Accordingly, 
the number of molecules per unit of volume has been doubled, the 
number of collisions per unit of time is doubled, and this results in a 
pressure twice as great as the original pressure. 

Application of Boyle’s Law. Suppose that a definite weight of 
oxygen gas occupies a volume of 593 cc. when under a pressure of 710 
mm. at 25°C. In certain practical problems, it might be required to 
know the volume that this weight of gas would occupy if the pressure 
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was changed to 790 mrn. and the temperature held constant. The 
answer to such a problem may be had readily by the application of 
Boyle’s law. The volume, V 2 , under the new conditions of pressure 
will be equal to the original volume, Vu multiplied by a suitable fraction. 


V 2 = Vi X (a frac^tion) 

This fraction may be looked upon as a correction factor which takes 
into account the change in pressure from pi = 710 mm. to the new 
pressure p 2 — 790 mm. The next question that arises is whether the 
fraction should be 710/790 or 790/710. To decide cm this point 
requires only that one recall that, according to Boyle’s law, an increase 
in pressure must, result in a decrease in volume. Since It is proposed to 
increase the pressure from 710 to 790 mm., the new volume, V 2 , must 
be less than th(^ original volume, t’l, and the fraction used as the cor- 
rection factor must be 710/790. 


V2 = Vi X 


710 / 

799^" 

fio 

790 


= 593, 

= 5^^ cv. 

Other problems involving thj^^gtpplication of 9^oyle’s law are given in 
the exercises at the end of/t|ds chapter. 

5.7. Relatioiii be twe^ Volume iTemperalure 

When a ^aS^^fejieated in a (ddsed container so that the volume 
cannot chang^% the pressure e5t^ed l^y the gas increases until the walls 
of the contaii^er are ruptured. If/^an overinflated automobile tire is 
driven over a ^ot highway, indisputable evidence of this increase in 
pressure may bd\experienced^^There arises the question, however, as 
to how the vojurne^of-a-gras will clmnge with change in temperature if 
the gas is allowed to expand against a constant pressure. It huvs been 
found that for each degree change in the centigrade temperature, there 
is a change in volume equal to 1/273 of the volume at 0°C. 

Absolute Temperature Scale. If a definite weight of a gas such 
as oxygen occupies a volume of 273 cc, at 0° and under a pressure of 
1 atm. and the temperature is lowered to — 1°C., the volume occupied 
by the gas at —1°C. would be 272 cc, (i.e., a decrease in volume of 
1/273 of the volume at 0°C,). With repeated lowering of the tem- 
perature, the volume will decrease in this same regular fashion as is 
shown by the following data : 
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When t = 

0°C.. 

V — 273 oc. 

When i = 

-IX.. 

V = 272 cc. 

When i = 

-2X., 

V = 271 cc. 

When t = 

-50X., 

V = 223 cc. 

When t = 

-150X., 

V = 123 cc. 

When i = 

-200X.. 

u = 73 cc. 

When 1 = 

-27:rG., 

V = ? 


It appears from the above data that, if the temperature were lowered 
to -~273°C., the volume would be zero and the gas would have disap- 
peared. This, of course, could not occur (law of indestriu tibility of 
matter). Before such a temperature as — 273°C. could be reached, 
the oxygen would become a liquid and then pass into the solid state. 
The temperature of — 273°C. is known as the absolute zero since it is 
that temperature at which the volume occupied by a gas should, 
theoretically, become zero if gases were capable of existence at such a 
temperature. 

The absolute (or Kelvin) temperature scale is based upon the 
absolute zero and is related to the centigrade scale as follows: 

°A. = °C. + 273 


To convert centigrade temperatures to the absolute scale, it is neces- 
sary only t o add 273 to the centigrade tempera tin e. It should be 
emphasized that the absolute temperature scale is not an arbitrary one; 
rather it is one that is directly based on the manner in which the volume 
of a gas varies with the change in temperature at constant pressure. 

Charles’ Law. An examination of the preceding data reveals 
that the volume occupied by a gas changes in a regular manner when 
the temperature is changed. Essentially the same regularity would 
have been observed had the temperature been increased rather than 
decreased and had some gas other than oxygen been used. This 
change in volume with change in pressure is described by Charles’ law, 
which was first stated in 1801. At constant pressure, the volume 
occupied by a definite weight of gas is directly proportional to 
the absolute temperature. Since a direct proportionality is 
involved, if the temperature is doubled, the volume will also be doubled ; 
if the temperature is halved, the volume must also be decreased to 
one-half the original volume. Stated mathematically, Charles’ law 
becomes 

V cc t 

and 

V ^ kt 

or 
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In terms of the kinetic-molecular theory, the pressure exerted by a 
gas depends upon the kinetic energy possessed by the molecules. If 
the temperature is increased, there is a corresponding increase in the 
kinetic energy of the gas molecules. As a result, they must move at 
greater velocities and consequently must strike exposed surfaces more 
frequently and with greater force. The gas expands against a (-on- 
stant pressure and occupies a volume which is related (by Charles’ 
law) to the extent of the temperature increase. 

Application of Charles’ Law. If a given weight of oxygc^n gas 
occupies a volume of 616 cc. at a temperature of 25°C. and under a 
pressure of 750 mm., the extent to which the volume will change if the 
temperature is lowered to lO^C. and the pressure is not permitted to 
change may be calculated as follows. The volume, V 2 , at the new 
temperature will be equal to the original volume, ri, multiplied by a 
suitable fractional correction factor. 

V 2 = Vi X (a fraction) 

The correction factor, in fractional form, is concerned only with 
the two absolute temperatures, 6 = 25®C. + 273 = 298°A., and 
k = 10°C. + 273 = 283°A. According to Charles’ law, if the tem- 
perature is decreased^ the volume must also decrease and xh, therefore, 
will be less than Vu Accordingly, the fraction must be such that it 
will represent a number less than unity, i.c., 283/298, and 



5.8. Dalton’s Law of Partial Pressures 

Many experiments with gases are concerned with mixtures of 
different kinds of gases rather than with single pure gaseous substances. 
This raises the question as to the manner in which each gas in a mix- 
ture contributes to the total pressure exerted by the mixture. Suppose 
that a sample of pure oxygen gas is placed in a 1-liter flask (Fig. 18a) 
and exerts a pressure of 740 mm. and that a sample of pure nitrogen 
gas in a 1-liter flask also exerts a pressure of 740 mm. (Fig. 186). If, 
now, the oxygen gas is forced into the flask containing the nitrogen 
(or vice versa) so that the two gases now occupy a total volume of 1 
liter (Fig. 18c), the total pressure will be found to be 1480 mm. (Le., 
740 + 740 mm.). In other words, each gas in the mixture behaves 
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just as though it were alone in the 1-liter flask and occupying the total 
volume of 1 liter. That part of the total pressure which is exerted 
by a given gas in a mixture is known as the partial pressure of that gas. 
The relation between total and partial pressures is described by 
Dalton’s law. The total pressure exerted by a mixture of 
gases is equal to the sum of the partial pressures of the various 
components. 

-P(lotal) == />a + Pfe + />c + ■ * * 

where p„, p^, p^, et(\, are the partial pressures of the different gas(?s in 
the mixture. 



p=740mm. p=740mm. p=740+T40* 1480mm. 

Fig. 18. — Illustration of Dalton’s law of partial pressures. 

5.9. Standard Conditions of Temperature and Pressure 

From the foregoing discussion it is apparent that the volume occu- 
pied by a definite weight of gas has no real meaning unless the tempera- 
ture and pressure are specified. In order to have a basis for the 
comparison of results of experiments which involve gases and which 
are conducted under difFerent conditions of temperature and pressure, 
scientists have agreed to express gas volumes in terms of a 
standard set of conditions. The conditions agreed upon are a tem- 
perature of 0°C. (the melting temperature of ice) and a pressure of 
760 mm. (the average pressure of the atmosphere at sea level). These 
are known as standard conditions of temperature and pressure and are 
commonly abbreviated S.T.P. 

5.10. Experimental Measurement of Gas Volumes 

In the laboratory, the volumes occupied by gases are usually 
measured by collecting and confining the gases over mercury, water, 
or some other suitable liquid. If a gas such as oxygen is collected over 
water (Fig. 19), the gas in the tube will consist of a mixture of oxygen 
and water vapor. The total volume of the mixture of gases contained 
in the tube may be read directly from the scale (usually in cubic 
centimeters) on the calibrated tube. When the level of the liquid in 
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the open container is the same as that of the liquid in the tube, the 
pressure exerted by the confined gas may be known simply by reading 
the barometer. 

With the method illustrated by Fig. 19, 45 cc. of gas (oxygen -f 
water vapor) were collected in a laboratory in which the temperature 
was 28°C. and the barometri(j pres- 
sure was 730 mm. The usual ques- 
tion that arises is, what volume will 
the dry oxygen gas occupy under 
standard conditions? 

First, the total j)ressure P is, by 
Dalton’s law, equal to the sum of the 
partial pressures of oxygen and water 
vapor. 

PO 2 PHjO = P (total) 

/)02 = Pftolal) — PHsO 

In order to calculate the partial pres- 
sure of oxygen, it is necessary to 
know the partial pressure of water 
vapor. This information may always 
be obtained by referring to tables in 
which values for the vapor pressure^ 
of water at different temperatures 
are listed as found by experiment 
(see Appendix). At 28°C., the partial pressure of water vapor is 
28.3 mm., hence, 



Fic.. 19.- 


Collection of gases over 
water. 


POi — P(total) 28.3 
= 730 - 28.3 

The volume under standard conditions, F8 .t.p., will be equal to the 
measured volume after correction for the change in absolute tempera- 
ture and the change in pressure. 


Fs.t.p. = 45 X 


730 - 28.3 0° + 273 


760 


X 


28° + 273 


37.7 cc. 


In this case, the fractional correction factors are set up on the same 
line of reasoning as was used in solving the problems used to illustrate 
separately the application of the laws of Boyle and Charles. 


1 See Sec. 6.5. 
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5.11. Diffusion of Gases 

All our ideas concerning the nature of gases are based upon the 
assumption that gases consist of molecules in motion. That molecules 
do move (diffuse) through space can be demonstrated b> numerous 

simple experiments. If two flasks, 
one containing oxygen and tlie other 
containing hydrogen, are placed 
mouth to mouth as shown in Fig. 
20a and allowed to remain in this 
position, tlie molecules of liydrogen 
will move into the flask containing 
oxygen and the rnohicules of oxygen 
will move into the flask that origi- 
nally contained only liydrogen (Fig. 
206). After suflicieiit time has 
elapsed, the two gases will be found 
to be uniformly distributed through- 
out the two flasks, as shown in Fig. 
20c. 

Density of Gases. Density is 
defiiied as the weight of matter con- 
o Oxygen molecules tained in a specified unit of volume. 

• Hydrogen molecules Xhe density of a gas must, of course. 

Fig. 20.— Illustration of dilFusion of be Specified ill terms of the temper- 

ature and pressure (usually standard 
conditions). The units in which density is expressed may be grams 
per cubic centimeter, pounds per gallon, or any other convenient 
units. The densities of a few common gases are listed in Table 4. 





TABLE 4 

Absolute Density of Common Gases under Standard Conditions 

Density, 

Gas grams per liter 

Hydrogen 0.0899 

Oxygen 1 . 4290 

Nitrogen 1 . 2505 

Hydrogen chloride 1 . 6392 

Ammonia 0.7710 

Air 1.2930 


The density values in Table 4 are absolute values. Chemists some- 
times prefer to use relative density, which is the ratio of the weight of a 
given volume of a gas to the weight of an equal volume of air (arbi- 
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trarily chosen as a convenient standard). The relative density of 
hydrogen, for example, may be calculated as follows: 


Relative density of H 2 


absolute density of H 2 
absolute density of air 

0. 0899 

1. '2930 
0.0696 


The relative densities of the gases listed in Table 4 are given in Table 5. 
Density sliould not be confused with specific gravity which is defined 
as the ratio of t he weight of a given volume of a substance to the weight 
of an equal volume of water at the same temperature (usually 4°C. — 
the temperature at which water exhibits its maximum density). 


Relative 


TABLE 5 

Density of Common (jIases under Stand mid Conditions 
(ias IL'Iative Densit 


y 


llydrogon 

Oxygen 

Nitrogen 

II y d rogen e ] 1 1 o r i d e 

Aiiinionia 

Air 


0. 0696 

1 . um 

0.9671 
1 . 2677 
0 696:1 
I . 0000 


Rates of Diffusion ; Graham’s Law. If a heavy automobile and 
a light automobile were powc^red by the same kind of motor, the light 
car would of course be capable of traveling at the greater speed. 
Similarly, light molecules are capable of diffusing more rapidly than 
heavier molecules since the average kinetic energy of all kinds of gas 
molecules is the same. In 1832, Graham formulated a law to tlui 
effect that the rale of diffusion of a gas is inversely proportional 
to the square root of its density. If r represents the rate of 
diffusion and d represents the density, then, 

and 


or 

r \/d = k 

To provide some idea as to the absolute rate at which gas molecules 
move, it is of interest to note that hydrogen molecules (at ordinary 
temperatures) move at a rate of 1.14 miles per second. 
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Usually, chemists are interested not so much in the absolute rate 
at which a given gas will diffuse but ratlier in the relation between the 
rates of diffusion of two or more gases. In comparing, for example, the 
relative rates of diffusion of hydrogen and oxygen, 

rua '\/dn2 = ro2 
or 


rua _ a / doi 
To-i "S/ du. 

Since oxygen is sixteen times as heavy as hydrogen (1.4290/0.0899), 

ths _ Vl6 _ 4 

ro2 \/l 1 

This means that, at the same temperature, hydrogen molecules diffuse 
four times as rapidly as oxygen molecules. 

Demonstration of Rates of Diffusion. That hydrogen diffuses 
much more rapidly than ordinary air may be shown using an apparatus 

of the type shown in Fig. 21. A is a 
porous-walled porc'clain cup containing air 
and connected by means of a glass tube to 
a bottle containing water. Wheri the 
porous cup is surrounded by a bell jar 
filled with hydrogen, the hydrogen diffuses 
into the porous ( up more rapidly than the 
air (oxygen and nitrogen) can diffuse out 
of the cup. Ttiis results in a positive 
pressure within the cup and, as a result, 
the water is forced out of the bottle B 
through the glass outlet tube. 

5.12. The Ideal Gas 

No real gas such as oxygen or hydrogen 
behaves strictly in accordance with the 
Fig. 21 —Apparatus for mathematically exact gas laws. In their 
demonstration of diffusion behavior toward changes in temperature 
of gases. pressure, real gases deviate slightly 

from the gas laws. When the pressure on a given volume of 
oxygen is doubled, the volume is decreased almost but not quite 
exactly one-half. Chemists study the behavior of gases in terms of an 
imaginary ideal gas which, if such existed, would behave precisely as 
described by the laws of Boyle, Charles, etc. Real gases deviate from 
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the gas laws at ordinary pressures because of the attractive forces 
between molecules. The lower the pressure to which a gas is subjected, 
the farther apart are the molecules, and the more nearly does the 
behavior of a real gas approach that of the ideal or perfect gas. That 
is, real gases approach the behavior of the ideal gas only at very low 
pressures. 


EXERCISES 

1. Define the following terms: (a) barometer, (b) density, (c) absolute zero, 
(d) partial pressure, (r) relative density, (/) ideal gas. 

2. Outline the essential ideas involved in tlie kinetic-molecular theory. 

3. State each of the following laws in words and in the forin of an exact mathe- 
matical expression: (a) lioyle’slaw, (h) Graham’s law, (c) Dalton’s law, (d) Charles’ 
law. 

4. Convert the following centigrade temy)era lures to the corresponding abso- 
lute temperatures: (a) Shh^'C., (6) — 1°C., (c) — 25b'C. 

5. Given the information that tlui absolute density of sulfur dioxide is 2.9269 g. 
per liter, calculate the relative density. 

6. \t a certain temperature, a sample of carbon dioxide gas occupied a volume 
of 871.5 cc. when under a pressure of 3 atm. If the temi)erature remains the same, 
what volume will the gas occupy if the pressure is doc^reased to 332 mm. ? 

7. When subjected to a pr(‘ssiire of 4263 mm. at O^C., a certain quantity of 
helium gas occupies a volume of 3 (‘c. What. ])ressur(‘ would l)e required to cause 
the same weight of helium to occupy a volume of 1250 cc. at 0°C..^ 

8. One hundred grams of a gas occupy a volume of 700 cc.. at 25°C. under 
atmospheric pressure. Calculate the volume occupi<‘d by the same w<*ight of the 
gas under atmospheric j)ressure at 5000“C. 

9. The volume occupied by a sample of nitrogen gas at 100°C and 732 mm. is 
510 liters. What volume will this gas occupy at a temperature of 273°A.., if the 
pressure is held constant? 

10. When collected over water in a laboratory in which the temperature was 
30°C. and the barometric pressure was 695 mm., the gas obtained by h- ating a 
sample of mercuric oxide occu{)ied a total volume of 82 cc. Calculate the volume 
of dry oxygen under standard conditions. 

11. A sample of hydrogen was collected over water at 27°C. and 722 mm. and 
found to occupy a v'^olume of 106 cc. ITpon standing overnight, the temperature 
changed to 22°C. and the pressure increased to 753 mm. What volume did the gas 
occupy under these latter conditions? 

12. (a) Three hundred twelve liters of ammonia gas were confined over mer- 
cury at 0°C. and 607 mm. pressure. What volume will this gas occupy under 
standard conditions? (Note: The partial pressure of mercury is so slight that it 
may be neglected.) (6) Cidculate the weight of this particular sample of ammonia. 

13. A mixture of gases consists of nitrogen, oxygen, and argon, and exerts a 
total pressure of 1.5 atm. If the partial pressure of oxygen is427 mm., and the 
partial pressure of nitrogen is 531 mm., what is the partial pressure of argon? 

14. Calculate the relative density of (a) nitrogen, (b) hydrogen cliloride. 

15. What weight of hydrogen would be required to fill a 10-liter flask at 
-15°C. and 740 mm.? 
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CHAPTER VI 


LIQUEFACTION OF GASES; PROPERTIES OF LIQUIDS 

AND SOLIDS 

The relative simplicity of the structure of ^^ases is due largely to the 
fact that gas molecules are normally so far apart that the forces of 
attraction betweiui molecules cannot operate elfectively against the 
kintitic energy that opposes these attractive forces. It is of interest, 
therefore, to inquire as to the changes that occur when the kinetic 
energy of gas molecules is decreased sufli(‘iently to pcaanit the attrac- 
tive forces to assume a predominant role and to see whetlier the 
kinetic-molecular theory may be useful in exj)laining the nature of 
liquids and solids. 

6.1. Li<iiiefaclioii of Gases 

In order to changtj a substance from the gaseous to tin* liquid 
state it is necessary that the gas molecules be brought so (’lose together 
that the attractive force between then) can operate to hold them in 
close proximity in the condition that is recognized as tin* licpiid stale. 
This may be accomplished by either of two melhods, (a) by lowering 
tlie temperature, (/;) by iinaeasing the pressure, or by a combination 
of these two methods. 

When the pressure is held constant and the temperature is pro- 
gressively lowered, the kinetic energy of the gas molec’ules becomes 
less and l(*ss. Under these conditions, the volume dec'ieases and the 
molecules move with diminished velocity and through shorter dis- 
tances; the gas molecules are brought clos(*r and clos(*r together. If 
the gas is cooled sufficiently, the kinetic energy beconu^s so small 
that the force of attraction is (capable of holding the molecules in 
clusters which first become visible in the form of a mist or fog. As 
these clusters of molecules become larger, drops of liquid appear. In 
this manner, any gas may be caused to pass from the gaseous to the 
liquid condition. 

The molecules of a gas may also be brought together by subjecting 
the gas to increased pressure at constant temperature, r‘.c„ by com- 
pression. If sufficient pressure can be exerted upon the gas, the mole- 
cules may be forced into such limited space that they may be caused 
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to assume the liquid condition. There is, however, a serious limitation 
on the use of this method. For every gas there is a temperature above 
which that gas may not be liquefied by the appli(;ation of pressure 
alone. This is known as the critical iernperatiire. The critical tem- 
peratures of a few common gases are given in Table 6. 

TAIiLE 6 

GhITICAL TkMPERATUUES of (iAHES 


CriticaJ Teiiiper- 

( lias a til re, °C. 

Nitrogen ... —117.1 

Oxygen — 118.0 

Carbon dioxides 31.35 

Aniinoiiia . . ... 132 1 

Water 371.0 


If the temperature of (;arbon dioxide gas, for example, is above 31.35°C., 
that gas cannot be liquefied by pressure alone no matter how great a 


/6as 



Fig. 22. — Liquefaction of a gas by the method of Faraday. 

pressure might be exerted upon it. .Above 31.35°,* the kinetic energy 
of the carbon dioxide molecules is so great that they cannot be brought 
sufficiently close togetlier solely by compression. The pressure neces- 
sary to liquefy a gas at its critical temperature is known as the critical 
pressure. 

The combined effects of decrease in temperature and increase in 
pressure are illustrated by the liquefaction of ammonia, as shown in 
Fig. 22. A substance that, when heated, will liberate ammonia gas 
is placed in a bent glass tube and both ends of the tube are closed. 
One end of the tube is cooled in ice water. Ammonia is liberated as a 
gas by heating the solid in the other end of the tube. As the gas is 
liberated, the pressure within the tube increases and this, together with 
the cooling provided at one end of the tube, causes droplets of the 
liquefied gas to appear in the cold region of the tube. 
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6.2. Industrial Applications 

The liquefaction of gases is an important commercial problem. 
Most of the gases produced and sold commercially are liquefied and 
stored in the liquid coTidition in heavy- walled steel cylinders. The 
industrial liquefaction of air (and other gases) employs the combined 
effects of cooling and compression. Advantage is taken of the fact 
that, when a cooled compressed gas is allowed to expand either with or 
without the performance of work, the gas becomes (X3 o1(t. 

Linde (or Hampson) Process. This pro(!ess involves the expan- 
sion of cooked compressed gases without the performance of work and 
is best described by reference to Fig. 23. Aft(M- partial removal of 
carbon dioxide and water vapor, the air to be litjuefied enters atB and 
is compressed to about 200 atm. (3000 lb. per s([. in.) by the compressor 



Fig. 23. — Diagram of (equipment used in the liquefaction of air by the Linde 

process. 

A. The warm compress(^d gas passes through the trap, driers, carbon 
dioxide removers, and the. coolers C\ and at H enters the inner tube 
of a dual concentric tube system G, which is efficiently insulated by 
means of sheep’s wool, feathers, or balsa wood. By opening the 
valve D slightly the compressed gas is cooled considerably as it is 
allowed to expand into the chamber E to atmospheric pressure without 
doing any mechanical work. The cooled gas passes out of the cham- 
ber jF at F into the outer tube of the dual system G, and this serves to 
lower the temperature of the incoming compressed gas in the inner 
tubes. When this cooled compressed incoming gas expands at £>, the 
temperature falls still lower. If this cycle is operated for some time, 
the temperature continues to drop steadily within the entire cooling 
system until the gas liquefies in the receiving chamber E, For the 
liquefaction of air the required temperature is about — 190^C. 

The Claude Process. The fundamental principle underlying this 
process is again the effect of cooling; the cooling in this case, however, 
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is brought about by the utilization of the two effects, (1) the cooling 
effect due to expansion alone and (2) the cooling effect due to the per- 
formance of work. This process begins to dilbn; from the Linde process 
at the point D in Fig. 23. Here, instead of allowing the gas to expand 
into a ( hamber at atmospheric pressure, the gas is caused to operate 
an air engine of the piston or turbine type. In so doing, the gas is 
cooled both by the expansion effect and by the work effect. The 
cooled gas is then sent through the outer (‘.oil F (as in the Linde process) 
and the entire cycle repeated until tlie temperature is lowered suffi- 
ciently to permit liquefaction of the gas. The efficiency of this process 
is much greater than that of the Linde process. 


LIQl IDS 

The transit ion from gas to liquid has been shown to result in a close 
pa(!king of the molecuh^s. Since the molecules in licpiids are aln^ady 
practically touching one another, the space between them is so small 
that liquids cannot be made to occupy much smaller volumes by the 
application of pressure. That is, liquids cannot be compressed to any 
extent comparable to that possible in the case of gases. Despite their 
croAvded condition, however, the molecules in a liquid are capable of 
motion although only through small distaiu'cs and at relatively low 
velocities. So restricted is this motion that it may be described 
prop(‘rly as a sort of vibration. If a colored li(|uid that is soluble in 
water is placed at the bottom of a tall glass cylinder filled with clear 
water, the molecules of the colored liquid will in 
time be seen to diffuse throughout the entire body 
of the liquid, thus proving that molecular motion 
is possible but relatively slow. 

6.3. Surface Tension 

Some insight into the properties of liquids may 
be had by considering the forces that influence 
molecules in different regions in the body of a 
liquid. A molecule in the interior of a liquid is 
surrounded on all sides by other molecules and is 
attracted equally in all directions, as shown in Fig. 24. Such a 
molecule, however, experiences no net restraint from these attractive 
forces and is restricted in its motion through the liquid because of the 
frequency with which it experiences collision. A molecule in the 
surface of the liquid is subject to an inequality of forces since there 
is no comparable attractive force directly above it. The attraction 
of the molecules in the body of the liquid tends to pull the molecule B 
into the body of the liquid. This force acting in an inward direction 



Fig. 24.— Illus- 
tration of surface 
tension of a liquid. 
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causes a liquid to present the least possible exposed surface and is 
called the surface tension. It is because of the surface 
tension that individual drops of licpiid tend to 
assume a spherical shape (for a given volume, the 
sphere presents the least possible surface), as is shown 
by Fig. 25. The surface tension is also responsible 
for the fact that liquids rise in (papillary tubes, tliat 
oil rises in a lampwic‘k, that objects can float on the 
surface of a liquid such as water, etc. 

6.4. Viscosity 

A property which is possessed by both gases and 
liquids (both of whic^h are fluids) but which is far 
more pronounced in liquids is that known as viscosity, 
which may be defined as ‘‘resistanc(^ to flow.” 

Liquids that have a high viscosity and show relatively 
little tendency to flow when their containers are 
inverted are said to be thick, heavy, or viscous liquids, ” Effect of sur- 
e,g,, molasses, tar, etc. tcnsjon. 

The viscosity of liquids may be compared conveniently by measur- 
ing the time required for given volumes of difft^emt liquids to flow 
from the same small orilice (Fig. 26). The glass con- 
tainer is supported in a vertical position and filled 
with a liquid. As the liquid flows from the (container, 
the time required for the surface of the licpiid to move 
from A to B is measured. Similar measurements with 
diflerent liquids make possible a direct comparison. 

The viscosity of a liquid depends upon the average 
velocity of the molecules, their size, and the distance 
between them. In the progress of liquid flow, these 
factors determine the ease with which molecules will 
roll over one another. The greater size of the mole- 
cules present in lubricating oil is largely responsible 
for the fact that the lubricating oil is much more 
viscous than gasoline, which contains relatively smaller 
molecules. That the viscosity of liquids decreases 
with increase in temperature is shown by the fact that 
lubricating oil becomes less viscous (thins out) at the 
operating temperature of a motor. 

6.5. Vapor Pressure 

Everyone is aware of the fact that, when water is allowed to stand 
exposed to the atmosphere, it will evaporate. Further, it is known that 


'0 



Fig. 26 . — A 
convenient type 
of apparatus for 
measurement of 
the viscosity of 
a liquid. 
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water will evaporate more rapidly the drier the atmosphere and the 
higher the temperature. Aside from the temperature eflecl, tlie rate 
at which water rnolecuh^s leave the liquid and enter the vapor state 
seems to depend upon the extent to which they 
are already present in the atmosphere. 

If placed in a closed container at room tem- 
perature (Fig. 27), the water molecules Avill still 
pass into the atmosphere above the liquid but 
cannot continue to do so indefinitely, i.c., not all 
of tfie water can evaporate. As more and more 
molecules enter the vapor state against the oppos- 
ing pressure of the air abov(i the liquid, some of 
them will in tlieir motion through space strike the 
surfac'e of and reenter the liquid. When the rate 
at whhdi molecules return to the liquid is equal to 
the rate at which they are leaving the licpiid, the two processes do not 
cease but continue to occur in opposite directions at the same rate. 

at ral(^ A 

H20(liQuid) ^ IhOcvapor) 

at rate B 

H20(' vapor) ^ Ihf^Cliciuid) 

At equilibrium: rate A = rate B 

Thus is achieved a dynamic balance of opposing forces which is 
described as dynamic equilibrium. Under these conditions the space 
above the liquid is said to be saluraled with water vapor. The vapor 
pressure of a liquid is defined as the pressure exerted by the 
vapor upon the surface of the liquid when the two are in a con- 
dition of equilibrium. 

Some molecules in the body of a liquid are capable of escaping 
through the surface and into the vapor state because they have kinetic 
energies slightly greater than the average kinetic energy of all the 
molecules. With increase in temperature, the kinetic energy of all 
the molecules is increased. All liquids tend to evaporate, but at 
markedly different rates. At the same temperature, gasoline evapo- 
rates much more rapidly than water. A liquid that evaporates 
readily must have a high vapor pressure and is said to be volatile. 

6.6. Boiling Temperature 

When a liquid such as water is heated in an open container, the heat 
energy that is supplied to the water increases the kinetic energy of the 
water molecules and in this way serves to increase the rate of evapora- 



o = IVafer molecules 
Fig. 27. — Equi- 
librium belw(‘(*n 
liquid water, and 
water vapor. 


Sec. 6.7] 


LIQUEFACTION OF GASES 


73 


lion. Since the water molecules leaving the surface of the liquid have 
increased kinetic energies, they are capable of doing work in pushing 
against the opposing atmospheric pressure. If the temperature of the 
water is iiicaeased sufficiently (to 100°C. at standard atmospheric 
pressure), the vaj)or pressure of the water becomes slightly greater 
than the opposing atmospfieric pressure and the liquid is said to boil. 
The condition known as boiling is usually accompanied by the rise of 
bubbles of vapor from tiie body of the liquid. The boiling tem- 
perature may be defined as the temperature at which the 
vapor pressure of a liquid just exceeds the opposing pressure 
of the atmosphere. During the process of boiling, the heat supplied 
from the outside does not raise the temperature of the liquid but 
merely serves to act.omplish the change in state from liquid to gas. 
The boiling temperature of a liquid is of course influenced by the 
magnitude of the opposing atmospheric pressure. At sea level, water 
boils at 100°C. while at the top of Mt. Everest (elevation about 29,000 
ft, above sea lev('l) water boils at 71°C. because the opposing pressure 
of tl\e atmosphere is less at the higher altitude. 

Although most liquids may be caused to boil at characteristically 
definite temperatures under normal conditions of prt^ssure, some liquids 
decompose under the influeru'e of heat before their boiling temperatures 
can be reached. Even certain of these, however, ('an be caused to boil 
without decomposition if the opposing atmospheric pressure is artifi- 
cially lowered to a sufficient extent, thus enabling the liquids to boil 
at temperatures below their decomposition temperatures. 

6.7. Freezing Temperature 

Reference has been made in the preceding pages to the fact that 
liquid water changes to solid ice at 0°C. and that liquid oxygen solidi- 
fies at a temperature of — 218.4°C. For most liquids there are char- 
acteristic and definite temperatures at which these liquids freeze or 
solidify. In most cases, when a liquid is cooled to its freezing tem- 
perature, solid crystals appear and at that temperature exist in ectuilib- 
rium with the liquid. The freezing temperature may be defined 
as that temperature at which the liquid and solid forms of a 
pure substance can exist together without change in tempera- 
ture. All liquids that solidify to form crystalline solids have definite 
freezing temperatures. 

Manufacture of Ice. The principles employed in the commer- 
cial manufacture of ice are concerned with the fact that a gas is cooled 
by expansion and that the evaporation of a liquid withdraws heat 
from its surroundings. A combined ice-making and cold-storage sys- 
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tern is illustrated in Fig. 28. Ammonia gas is compressed by the 
pump A and is forced into the coils cooled by water sprayed from the 
pipe B, Under the combined effects of pressure and cooling, the ammo- 
nia liquefies and is forc(^d through the valve C and into coils F immersed 
in brine. Here, the liquefied gas vaporizes and in so doing withdraws 
heat from the brine, thus lowering the t(‘rnperature sufficiently to 
freeze the water contained in the ice tank G, which is also immersed in 
the brine. The gaseous ammonia is then returned to the compressor 
A and goes through the same cycle again and again. By pumping 
the cold brine (by means of the pump D) through the coils in the 
storage unit E at any desired rate, a low temperature may be main- 
tained in the cold-storage compartment. Except for minor operative 
details, the same type of apparatus is employed in the small refrigera- 


Icefank G 



Fig. 28 . — Combined ice-making and cold-storage system. 


tion units used in the home. Gases other than ammonia may be 
employed. For example, sulfur dioxide (SO2) and dichlorodifluoro- 
raethane or Freon (CCI2F2) are the gases most widely used in household 
refrigeration units. 

SOLIDS 

The conversion of a gas to a liquid has been seen to result in a pro- 
found restriction upon the motion of the molecules concerned. This 
restriction becomes still more pronounced when a liquid solidifies. 
The fixed physical form of solids and many other properties that 
characterize matter in the solid state are by-products of restricted 
molecular motion. 

6.8. Melting Temperature^ 

When heat is supplied to a crystalline solid which is not decomposed 
by heat, the temperature of the solid is increased until sufficient to 

^ Temperatures of boiling, freezing, or melting are commonly referred to in a 
rather loose fashion as points. Thus, chemists speak of boiling points^ melting 
points ^ etc. 
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cause the solid to melt Further application of heat serves only to 
change the solid into the liquid condition. Obviously, the melting 
temperature of a pure solid such as ice is the same as the freezing or 
solidification temperature of the corresponding pure liquid (water) and 
is amenable to the same definition. The process of melting requires 
that the kinetic energy of the molecules of the solid be increased (by 
supplying energy in the form of heat) to suc h point tlial the rnoleciilcis 
may be capable of motion to the extent normally possible in the 
liquid state, 

6.9. Vapor Pressure 

SoiiH^ solids neither discompose nor melt wlum heated. Even at 
ordinary temperatures such solids have a pronounced tendency to 
evaporate. When the vapors come into contact with a cooled surface, 
they return dircx'tly to the solid condilion. In (hiap. 1 this change in 
state from solid to gas to solid was defined as suhlinialion , and solids 
that behave in this manner are, said to sublime. Iodine, camphor, and 
“moth balls” [napthalene ((^.loHg) and paradichlorobenzene (CeHiCli)] 
are common examples of solids tliat sublime readily. In all but a 
relatively small number of cases, the vapor pressure of solids is so 
small as to be negligible. 

6.10. Crystalline Solids 

The formation c^f a crystal upon solidification of a liquid requirc's 
that the molecules be arranged in patterns of definite geometric form 




Fig. 29. — Crystal systems. 

under the influence of forces of attraction or cohesion. With respect 
to each other, the molecules occupy essentially fixed positions in space, 
and molecular motion is possible only in an extremely small measure. 
Depending upon the type of crystal concerned, the units of matter that 
make up the crystal may be molecules, atoms, or ions. (Ions are atoms 
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or groups of atoms that have acquired either positive or negative elec- 
trical charges. The nature and origin of these charged particles will 
be discussed in a later chapter.) 



Simple cubic Face-centered cubic Body-centered cubic 

Fi«. 30. — Possible arrangements of structural units in the regular system. 



Sodium chloride Cesium chloride Calcium fluoride 

Fig. 31. — The lattice structures of common crystals. {Courtesy of Seitz, Modern 
Theory of Solids, McGraw-Hill Book Company, Inc.) 

The particular pattern in which the molecules, atoms, or ions are 
arranged within the crystal determines the external form of the whole 
crystal. The known forms or systems in which crystalline solids exist 
are six in number, three of which are illustrated in Fig. 29. Crystal- 
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line solids exhibit definite planes of cleavage and have definite melting 
temperatures. 

Structure of Crystals. Present-day knowledge of the inlernal 
structure of crystals is the result of joint efforts of chemists and physi- 
cists. The experimental tool most useful in investigating the archi- 
tecture of matter in tlie crystalline condition has been and is the X ray. 
By studying the manner in whi<Ti X rays are reflected by crystals, 
much has been learned concerning the arrangement of the atoms, 
molecules, or ions with respect to one another. IVi the regular or 
(aibic sysUnn (Fig. 29) the structural units may be arranged in the 
three patterns shown in Fig. 30. The structures of a number of com- 
mon crystalline substances are shown in Fig. 31. 

6.11. Amorphous Solids 

Upon being cooled, some liquids fail to crystallize. They become 
more and more viscous until finally they exist in a solid condition. 
Pitch, tar, and glass are examples of such materials. ' These solids 
are described by the term amorphous, whi(‘h is derived from the (Ireek 
word meaning “without form.” Amorphous solids are characterized 
by tlie absence of any definite geometric arrangement of structural 
units and by the fact that they soften gradually upon being heated. 
They do not melt sharply at definite temperatures as do crystalline 
solids. 


KXEKCISES 

1. Define the following? terms: (a) critical temperature, (/>) critical pressure, 
(r) surface tension, (d) viscosity, (c) vapor ])ressure, (/) dynamic' equilibrium, 
(g) boiling temperature, {h) freezing temperature, (i) melting temperature. 

2. Wliat is meant by the expressions: (a) a volatile liquid, (h) a viscous liquid, 
(c) an amor})hous solid, (d) a crystalline solid? 

3. Why will a liquid boil at a lower temperature in a partial vacuum than at 
atmospheric pressure? 

4. If a current of air is passed over the surface of a liquid, tlie rate of evapora- 
tion is increased. Explain. 

5. What relationship exists between the vapor pressure of liquids and their 
boiling temperatures?^ 
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CHAPTER VII 

RELATIVE WEIGHTS OF MOLECULES 

In Cfiap. T it was pointed out that the molecuiles (^[‘ elemental gases, 
siK^h as hydrogen, nitrogen, and chlorine, consist of 2 atoms each. 
Ho, N2, Clo, etc. Since some informa Lioiv concerning tlie nature and 
behavior of gases in terms of Ihe kinetic-molecular tlieory has been 
accpiired, it now beconu^s possible to supply proof of the (!orre(*tness of 
these formulas. The problem of deciding upon the number of atoms 
pnjsent in a given molecule is of course essentially the same as that 
involved in determining the relative weight of the particular molecule. 
If a hydrogen molecule contains 2 atoms, then the relative weight of 
the hydrog(‘n molecule is 2.016 (/.e., 2 X 1 .008) based on the standard 
0 = 16. But suppose that the number of atoms in tlie hydiogen 
molecule was unknown. This situation would require that the relative 
weight of the hydrogen moh^cule be d(‘.termined by experiment in the 
laboratory. Methods are available whereby the molecular weights of 
both elemental and compound gases (as well as liquids and solids) 
may be measured by experiment. 

7.1. Avogadro’s Law 

In 1811, the Italian physicist, Avogadro, voiced a prediction to 
the effect that at the same temperature and pressure, equal 
volumes of all gases contain the same number of molecules. 
At the time, Avogadro’s prediction was perhaps nothing more than a 
reasonable supposition or guess. In subsequent years, however, the 
truth of this statement has been so firmly established that it has come 
to be known as Avogadro’s law. 

The far-reaching importance of Avogadro’s law lies in the fact that 
it provides a concrete relationship between molecules (which are invisi- 
ble) and the volumes that they occupy. While the scientist cannot 
work with individual molecules, he can manipulate definite volumes of 
gases which have real meaning in terms of the numbers of molecules 
present. A knowledge of the density of gases (Sec. 5.11) together with 
Avogadro’s law makes possible a direct comparison of the weights of 
gaseous molecules. 

Consider the volume occupied by a gas at standard conditions to be 
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1 liter, and represent the number of molecules n. Since the density 
of hydrogen, for example, is known to be 0,0899 g. per liter at S.T.P., 
then the absolute weight in grams of the individual hydi ogen molecule 
must be 


Wt. of 1 hydrogen molecule = 0.0899 n 

Similarly, from the known density of oxygen, 

Wt. of 1 oxygen molecuh' = 1.4290 n 

From this information, it is seen that the ratio of tlu^ weights of tlu^ 
individual molecules is 

W t. of 1 oxygen molecule _ 1 .1290 n 
Wt. of i hydrogen molecule 0.0899 n 

^ M2% 

5.0899 
^ 15.88 
1 


This result is simply a comparison of the absolute weights of the mole- 
cules of oxygen and hydrogen and provides the information that tin* 
oxygen molecule is 15.88 times as heavy as the hydrogen molecule. 

Since the relative weights of atoms are based on the arbitrarily 
selected standard of 0 = 16, the relative weiglits of molecules should 
be expressed on the same basis. If the number of atoms in either the 
hydrogen or oxygen molecule were known, then the foregoing ratio 
could be used to calculate the molecular weight of the other. 


7.2. Gay-Lussac’s Law 

Three years before the first enunciation of Avogadro’s law% Gay- 
Lussac observed that there is a simple relationship between the volumes 




Two volumes One volume Two volumes 

Fig. 32. — Conibining volumes: formation of waiter from hydrogen and oxygen. 


of gases that combine in or are produced by chemical reactions. For 
example, at the same temperature and pressure, two volumes of hydro- 
gen combine with one volume of oxygen to form two volumes of water 
vapor (Fig. 32). Similarly, when solid sulfur is burned in oxygen, one 
volume of oxygen produces one volume of sulfur dioxide (Fig. 33). 
One volume of hydrogen and one volume of chlorine unite to form two 
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volumes of hydrogen chloride (Fig. 34), and three volumes of hydrogen 
and one volume of nitrogen combine to form two volumes of ammonia 
(Fig. 35). From many such observations, Gay-Lussac formulated a 
law to the effect that at the same temperature and pressure, the 
ratio by volume in which gases combine in or are produced by 
chemical reactions may be expressed by small whole numbers. 


Sulfur , 
(solid) 


One volume 


Oxygen 


Sulfur 

dioxide 


One volume 


Fig. 3.‘5. — Combining volumes: formation of sulfur dioxide from sulfur and oxygen. 


Hydrogen 


One volume 


-f 


Chlorine 


One volume 


Hydrogen 

cnioride 


Hydrogen 

chloride 


Two volumes 


Fk;. 3 I. —Combining volumes: formation of hydrogen chloride frOm hydrogen and 

ehlorine. 


Hydrogen 


Hydrogen 


Hydrogen 

T 

iree volumes 


-f 


Nitrogeni 


One volume 


Ammonio! 


Ammonial 


Two volumes 


Fig. 35. — Combining volumes: formation of ammonia from hydrogen and nitrogen. 


Thus, the ratios of the voluiiics of gases concerned in the reactions 
illustrated by Figs. 32 to 35, may be expressed as 


Hydrogen : oxygen : water vapor = 2:1:2 
Oxygen -.sulfur dioxide = 1:1 
Hydrogen : chlorine : hydrogen chloride = 1:1:2 
Hydrogen: nitrogen -.ammonia = 3:1:2 


Together, the laws of Avogadro and Gay-Lussac make possible 
the proof of the statement tliat the molecules of some elemental gases 
contain at least 2 atoms each. 


7.3. Composition of Simple Gas Molecules 

By reference to Fig. 34, it is seen that one volume of hydrogen and 
one volume of chlorine combine to form two volumes of hydrogen 
chloride. At the same temperature and pressure, each of these 
volumes must (according to Avogadro’s law) contain the same number 
of molecules. If it is assumed that these volumes are of such size that 
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each contains exactly 1000 molecules, then the reaction may be repre- 
sented as shown in Fig. 36. Attention must now be focused on the 
2000 molecules of hydrogen chloride. Since hydrogen chloride is a 
compound containing hydrogen, each individual molecule of it must 
contain some hydrogen. The smallest “piece’’ of hydrogen that can 
be present in a molecule of any compound must be an atom of hydrogen 
(see definition of the term atom. Sec. 1.12). Therefore, the 2000 
molecules of hydrogen chloride must contain at least 2000 atoms of 
hydrogen. The 2000 atoms of hydrogen had to come from only 1000 
molecules of hydrogen. The inescapable conclusion is that each of th(^ 
1000 molecules of hydrogen must have contained at least 2 atoms. 

The same line of reasoning may be applied in tlie case of chloriiu', 
or in the case of reactions involving other simple gases. This pro- 
cedure does not in itself prove that the number of atoms in these rnole- 


Chlorine 
-4- One volume 
1000 molecules 

Fig. 36. — Diagram illustrating relationships involved in the proof of the diatomic 
nature of simple gas molecules. 

cules may not be greater than two, but it does prove that the number 
must be at least two. By a variety of experimental methods, which 
need not be discussed here, the correctness of the number two has been 
firmly established. 

7.4. Molecular Weight of Oxygen 

In the preceding section it was concluded that the hydrogen mole- 
cule contains 2 atoms. On the scale of relative atomic weights already 
established, the relative weight of the hydrogen atom is 1.008. (Con- 
sequently, the relative weight of the hydrogen molecule must be 
2 X 1.008 or 2.016. 

In Sec. 7.1, Avogadro’s law was used to show that the oxygen 
molecule is 15.88 times as heavy as the hydrogen molecule. Hence, 
the relative weight of the oxygen molecule must be 15.88 X 2.016, or 
32. The correctness of this result may be confirmed by (1) direct 
measurement of the molecular weight of oxygen by suitable laboratory 
experiments and (2) proving (by the method outlined in Sec. 7.3) that 
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tlie oxygen molecule contains at least 2 atoms and recalling that the 
relative atomic weight of oxygen is 16. 

7.5. Determination of Molecular Weights by Experiment 

Calculation of the ratios of the molecular weights of gases has 
shown that, at the same temperature and pressure, the molecular 
weights of different gases bear to each other the same relationship as 
exists between the weights of equal volumes of the gases. If, then, 
the weight of a known volume of a gas is determined (by direct weigh- 
ing) in the laboratory, the molecular weight of the gas may be calcu- 
lated in relation to the weight of the same volume of a gas of known 
molecular weight. 

Suppose, for example, that 55.3 cc. of pure dry nitrogen is weighed 
by means of an accurate balance and found to weigh 0.0625 g. in a 
laboratory in which the temperature is 26°C. and the barometric 
pressure is 752 mm. Cnder standard conditions, this weight of nitro- 
gen will occupy a volume given by 

Fatax.p. = 55.3 X ^^x' 299 X ^*'^^60 
= 50 cc. 

If 50 cc. of nitrogen at S.T.P. weighs 0.0625 g., then 1 liter of the gas 
will weigh 1.2505 g. under the same conditions. 

0.0625 X = 1.2505 g. 

One liter of hydrogen (molecular weight = 2.016) at S.T.P. weighs 
0.0899 g. Therefore, 

Mol. wt. of nitrogen _ wt. of 1 liter of nitrogen 
Mol. wt. of hydrogen wt. of 1 liter of hydrogen 

Substituting, 

Mol. wt. of nitrogen _ 1.2505 
2.016 “ 0:^99 

1 *^505 

Mol. wt. of nitrogen = 2.016 X q Qg ' 99 
= 28 

This experimental result is confirmed when it is recalled that the mole- 
cule of nitrogen contains 2 atoms, each having a weight of 14 units in 
relation to 0 = 16. 

Molecular Weights of Compound Gases. The discussion and 
examples previously given have been restricted to elemental gases. 
That the molecular weights of compound gases may be calculated from 
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experimental data in the same manner is shown by the following 
example. By a similar experiment, a known volume of sulfur dioxide 
gas was found to weigh 0.07428 g. Corrected to standard conditions, 
this sample occupied a volume of 26 cc., from which it was calculated 
that I liter of sulfur dioxide gas at S.T.P. weighs 2.8572 g. The rnolec 
ular weight of sulfur dioxide is given by 

Mol, wt. of sulfur dioxide _ 2.8572 
2.0l 6 04)899 

2 8572 

Mol. wt. of sulfur dioxide = 2.016 X 

- 64 

At this point it niiglit appear to the student that all of this is unneces- 
sary. After all, sulfur dioxide has the formula SO 2 , the atomic; weight 
of sulfur is 32, that of oxygen is 16, ar)d it follows that the molecular 
weight of sulfur dioxide is 32 + (2 X 16) = 64. But suppose that, as 
is often the case, the true formula is not known. Compounds hitherto 
unknown in the experience of man arc discovered in the laboratory 
every day. The following oulline of a typical situation will serve to 
establish the need for methods that permit the calculation of molecular 
weights from experimental data. 

A new chemical compound was produced in the laboratory and 
found by qualitative analysis to contain only the elements of carbon 
and hydrogen. Quantitative analysis showed that this compound con- 
sisted of 82.76 per cent of carbon and 17.24 per cent of hydrogen. 
From this information, the simplest formula was shown to be CaH^, 
i.e,y carbon atoms and hydrogen atoms were shown to be present in the 
ratio of 2 to 5. But this same ratio is maintained in all the compounds 
having the formulas (and molecular weights) listed below. 


Compound 

Mol. wt. 

C/H ratio 

C 2 H 5 

29 

% 

CiH.o 

58 

H 

Cell,. 

87 

H 

C»1I,0 

116 



Obviously, a knowledge of the molecular weight of the new compound 
is required before a decision as to the correct formula can be made. 
By the method previously described, this particular compound was 
found to have a molecular weight of 58, from which it followed that the 
correct formula was C 4 H 10 . 
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7.6. Gram -molecular Volume 

Knowing llie densities and molecular weights of a number of simple 
and comj)ound gases, it be(‘omes of interest to calculate the volume 
which, at standard conditions, will contain exactly one gram-molecular 
tveighi of each gas. The data necessary for such calculations are 
assembled in Table 7. 


TyVBLE 7 

DkiNSITIES and CJu AM-MOLECULAR WeICHTS OF SoME CoMMON (iASES 


Gas 

Mol. wt. 

Densit y, fjrarns 
per liter at 
S.T.P. 

Hydrogen (Itj) 

2.016 

0 . 0899 

Methane (Cll 4 ) 

i6.o:n 

0.7168 

Ammonia (Nila) 

! i7.o:u 

0.7710 

Nitroj:'en (N<2) 

28.016 

1 . 2505 

Hydrof^cn sulfide (H^S) 

84.016 

1 . 5890 

(Chlorine (Ch) 

70 91 4 

8.21 10 


If 0.01199 g. of liydiogen occupies a volume of 1000 cc. at S.T.P., 
then the volum(‘ that will be occupied by 2.016 g. of hydrogen under 
the same conditions of temp(;rature and pressure is 

T' ^ 1000 
2.0 16 0.0899 

1000 X 2.016 
“ 0.0899 

= 22,400 cc., or 22.4 liters 


Thus, if one should fill a container of 22.4 liters volume with hydrogen 
at 0° and 760 mm., there would be contained therein exactly 1 gram- 
molecular weight of hydrogen. 

Similar calculations, in abbreviated form, are given below for each 
of the other five gases listed in Table 7. 


For methane: 


For ammonia: 


1000 X 16.031 
0.7168 

= 22,400 cc., or 22.4 liters 
1000 X 17.031 
0.7710 

= 22,400 cc., or 22.4 liters 
1000 X 28.016 
1.2505 

= 22,400 cc., or 22.4 liters 


For nitrogen: 
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For hydrogen sulfide: 

For chlorine: 


_ 1000 X 34.016 
1.5390 

=« 22,400 cc., or 22.4 liters 
_ 1000 X 70.914 
3.2110 

= 22,400 cc., or 22.4 liters 


This striking result is not accidental. The gases for which these cal- 
culations are made were chosen at random, and this HsI of gases and 
the corresponding calculations could be extended indefinitely, always 
witli the same result. 

This volume of 22.4 liters is known as the gram-molecular 
volume and is commonly abbreviated as G.M.V. It is that volume 



Fig. 37. — The grain-nioleciilar volume. 


which under standard conditions will contain exactly 1 gram-molecular 
weight of any gas, either elemental or compound. The volume of 22.4 
liters is approximately cu. ft. and is represented exactly (Fig. 37) 
by a cube with 28.194 cm. edge (inside measurement). 

7,7, Use of the Gram-molecular Volume in the Solving of 
Practical Problems 

The gram-molecular volume is a perfectly definite relationship 
between weight and volume. Through its use, the chemist solves with 
ease many problems which are frequently encountered in practical 
applications of chemistry and which might otherwise be more difficult 
or at least more time-consuming. 

Calculation of Molecular Weights. In Sec. 7.5, there was out- 
lined for the calculation of molecular weights a method that depended 
upon a comparison with the weight of an equal volume of another gas 
of known molecular weight. By this method, the molecular weights 
of nitrogen and sulfur dioxide were calculated by using hydrogen as a 
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reference substance. Although this method is perfectly sound, it does 
require that one remember (or look up in handbooks where such data 
are tabulated) the weight of 1 liter or the weight of some other definite 
volume of hydrogen. 

In Sec. 7.5, it was shown that a given sample of nitrogen weighs 
0.0625 g. and occupies a volume of 50 cc. at S.T.P. This information 
together with the gram-molecular volume is all the information 
required to calculate the weight of nitrogen contained in 22.4 liters, 
which weight is, of course, the gram-molecular weight of nitrogen. 


Mol. wt. of nitrogen 
Mol. wt. of nitrogen 


0.0625 

50 

0.0625 X 22,400 
50 


= 28 


In a similar manner, the molecular weight of the compound gas, sulfur 
dioxide, is cak^ulate^d. If at S.T.P., 0.07428 g. of sulfur dioxide 
occupies a volume of 26 cc., then the molecular weight of this gas is 
given by 


Mol. wt. of sulfur dioxide 


0.07428 X 22,400 
26 


- 64 


Calculation of Weight of a Gas Contained in Any Specified 
Volume under Any Experimental Conditions. For use in a 
given experiment, a chemist needed 2000 g. of hydrogen sulfide gas. 
The only hydrogen sulfide that was available was that contained in a 
150-liter tank at a pressure of 10 atm. and at 30°C. The question was 
whether the weight of hydrogen sulfide in the tank was sufficient for the 
experiment. 

The answer to this question may be had by the use of the gram- 
molecular volume relationship. At S.T.P., the hydrogen sulfide con- 
tained in this tank would occupy a volume of 


_ 1.0 V 273 10 X 760 

/..S.T.P. - 150 X 3^ X 7^0 • 

= 1,350 liters 


But 22.4 liters of hydrogen sulfide (at S.T.P.) weighs 34.016 g. (the 
gram-molecular weight of hydrogen sulfide). The weight of H 2 S in the 
tank is therefore readily calculated as follows: 
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Wt. of UoS _ 34.016 
1350 “ 22.4 

Wt. of ILS = 1350 X 

= 2050 g. 

or 50 g. in excess of the required amount. 

To consider anotlier example, assume that, in order to calculate the 
relative density of the gas known as phosphine (PH3), it is convenient 
to know the weight of 1 liter of this gas at S.T.P. The molecular 
weight of phosphine is 34.024, which is the weight contained in 22.4 
liters of PH3 at S.T.P. Hence, 

Wt. of 1 liter of im, = 

= 1.5189 g. 

Calculation of Volumes of (iases Consumed in or Proiluced 
by Chemical Reactions. Tlie union of iron and oxygen may be 
represented by the following equation: 

4 Fe + 3O2 2 Fe 20 .s 

If one wished to know the volume of oxygen required to burn a given 
quantity of iron, the weight of oxygen could be calculated and divided 
by the weight of 1 liter of oxygen to find the volume required. How- 
ever, a simpler procedure is now available. The equation provides 
the information that the burning of 4 gram atoms of iron 

(1 X 55.8 1 = 223.36 g.) 

requires 3 gram-molecular volumes of oxygen (3 X 22.4 = 67.2 liters) 
at S.T.P. Hence, the volume of oxygen required to burn, for example, 
266 g. of iron may be calculated as follows: 

Vol. of O 2 _ 67.2 
266 223.36 

Vol. ofO, = 266 X 

= 80 liters 

With the volume at S.T.P. known to be 80 liters, the volume under 
any other conditions of temperature and pressure may be calculated 
by application of the laws of Boyle and Charles. 

Problems based on equations and involving gases may be solved 
directly in terms of volume by the application of the gram-molecular 
volume relationship. 
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7.8. Molecular Weights of Liquids and Solids 

The methods discussed thus far are suitable onl^' for the determina- 
tion of the molecular weights of gases. The same methods may be used 
in the case of liquids and solids that are volatile. All that one need 
do is to volatilize a sample of the liquid or solid and determine the 
weight of a known volume of the vapor at any convenient temperature 
and pressure. From these data, as has already been demonstrated, 
the molecular weight may be calculated. There are many liquids and 
solids, however, whose molecules undergo change witli change in 
physical state. Still others are essentially nonvolatile. In these 
instances, it is necessary to resort to other methods such as those based 
upon a knowledge of the properties of solutions. 

7.9. Avogadro Number 

On two o(‘casions (Secs. 2.8, 2.9) reference has been made to that 
number which represents (1) the number of atonls in 1 gram-atomic 
weight of an element and (2) the number of molecules in 1 gram- 
molecular weight (or gram-molecular volume) of an elemental or com- 
pound substance. This number, 6.02 X (the Avogadro number), 
has been determined experimentally by a wide variety of independent 
methods. The value generally accepted as being the most accurate 
is that given above. 


EXERCISES 

1. Distinguish clearly between absolute and relative weights of molecules. 

2. State (a) Avogadro’s law, {h) Gay-Lussac’s law. 

3. Using the reaction between nitrogen and hydrogen (Fig. 35), develop an 
argument leading to the conclusion that the nitrogen molecule contains 2 atoms. 

4. On the basis of Avogadro’s law, show that the chlorine molecule is two times 
as heavy an the molecule of hydrogen sulfide. 

5. A 38-cc. sample of a certain gas at 23°C. and 774 mm. weighs 0.0937 g. 

(а) Calculate the molecadar weight of this gas using hydrogen as a reference 
substance. 

(б) Make the same calculation using nitrogen as the reference substance. 

(c) Calculate the molecular weight of this gas through use of the gram- 

molecular volume relationship. 

6. A gaseous compound contains carbon and hydrogen only, the ratio G/11 
being 12/1. At 100°G. and 760 mm., 1 liter of the gas weighs 0.8491 g. What is 
the true formula for this substance? 

7. What volume will be occupied by 1 g. of acetone (CaHeO) in the vapor state 
at 75°C. and 2 atm. pressure? 

8. How many liters of oxygen may be collected over mercury at 30°C. and 
758 mm. by complete decomposition of 200 g. of KGlOa? 

9. Nitrogen gas is stored at 20 ^C. and 6 atm. in a steel cylinder having a 
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capacity of 41.32 liters. What weight of nitrogen is contained in the cylinder under 
these conditions? 

10. The weight of 0.5 cc. of a certain gas at S.T.P. is 0.00198 g. Calculate the 
molecular weight of this gas. 

11. A gaseous compound has the formula SiH 4 . What is the weight of 110 cc. 
of this gas at 25X. and 750 mm.? 

SUGGESTED READING 

See references at the end of Chap. II. 


CHAPTER VIII 


PREPARATION AND PROPERTIES OF HYDROGEN; 
RELATIVE AaiVITY OF METALS 

Hydrogen occupies a unique position among the elements in that 
it is the lightest known elemental substance. It occurs on the earth 
in tremendous quantities in combination with other elements and in 
like quantity (but in the uncombined condition) in the atmosphere of 
the sun. In 1766, Cavendish prepared hydrogen by a number of 
methods arul studied many of its properties. He called it inflammable 
air and apparently failed to recognize it as an element. Somewhat 
later Lavoisier showed that this gas is one of- the components of 
water and gave it the name hydrogen which means “water former.” 

A detailed study of the chemical and physical properties of hydro- 
gen is appropriate at this juncture since certain important generaliza- 
tions depend upon the relationship between hydrogen and the other 
elements. For example, the ability of the elements to hold each other 
in chemical combination may be expressed in relation to hydrogen. 

8.1. Laboratory Methods for the Preparation of Hydrogen 

There are three convenient methods by means of which hydrogen 
is usually prepared for small-scale laboratory use. Each of these 
methods will be considered in some detail. 

Preparation from Metals and Acids. Acids are substances that 
consist of hydrogen combined with one or more nonmetals, e.g., hydro- 
chloric acid (HCl) and sulfuric acid (H2SO4). When certain acids are 
allowed to react with certain of the metals, hydrogen gas is liberated 
and there are formed also compounds known as salts. In these salts, 
the metals are found to be combined with the nonmetals which were 
originally combined with hydrogen in the acid used. Reactions that 
serve to illustrate this method of preparation are represented by the 
following equations: 

Zn -j- H2SO4 — > ZnSOi -f- H2 
2Na + 2HCI 2NaCI + H2 
2AI -f- 2H8PO4 2AIPO4 + 3H2 
Phosphoric acid 

Mfl -f" 2HC2H3O2 — ► Mg(C2H302)2 4" H2 
Acetic acid ✓ 
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Not all acids may be used in the preparation of hydrogen. Nitric 
acid and concenlraled sulfuric acid react with metals to form salts and 
products other than hydrogen. Neither may all metals be used. 
Some metals react with acids so slowly that their use would be inadvis- 
able; other metals are incapable of reaction with acids. Zinc and 
hydrochloric acid or dilute sulfuric acid are the substances most often 
employed in the laboratory for the preparation of hydrogen (Fig. 38). 

With any given acid, the reactions with different metals do not 
all occur at the same rate. Some metals react vigorously, others 



Fic. 38. — Convenient laboratory apparatus for the preparation and collectian 
of hydrogen gas. Acid is added through the thistle tube, A, to the rnetal contained 
in bottle B. The hydrogen liberated is collected by displacement of water con- 
tained in bottles C and D. 

somewhat more slowly, and still others react only extremely slowly or 
not at all. 

Preparation from Metals and Water. Just as certain metals 
are capable of displacing the hydrogen from certain acids, so hydrogen 
may be displaced from water under suitable conditions. At ordinary 
temperatures, the metal sodium displaces hydrogen from cold water 
in a reaction that is extremely vigorous. 

2Na + 2HOH -> 2NaOH + H 2 

The other product in reactions of this type is known as a base and 
consists of a metal in combination with hydrogen and oxygen. 

If the metal magnesium is allowed to react with cold water, the 
reaction is very slow. With hot water, however, hydrogen is liberated 
at an appreciable rate. 

Mg -b 2HOH -> Mg(OH),* + VI 2 
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The metal iron does not react either with cold or hot water at an 
appreciable rate. With steam, the reaction proceeds at a rate such 
that this may be used in the laboratory preparation (or commercial 
production) of hydrogen. 

3Fe + 4HOH — » Fe 304 + 4 H 2 

In this particular reaction, an oxide and not an hydroxide is formed as 
a by-product. 

It should be emphasized that all metals do not react with water and 
that those which react do so at markedly diflerent rates. 

Preparation from Metals and Bases. A few of the metals such 
as aluminum and zinc react with bases with liberation of hydrogen 
accompanied by the formation of salts. 

Zn + 2NaOH -> (NaO) 2 Zn -h 
2AI + 6NaOH 2 (NaO) 3 AI -f 3hl2 

Here, as before, the reactions are of the sarm^ general character but 
occur at different raf (‘s. Of the three methods foV the prt^paration of 
hydrogcm, t he action of bases on metals is the least used. 


8.2. Order of Activity of Metals 


When the reactions of a large number of metals with (1) acids, (2) 
water, (3) bases, (4) oxygen, (5) other 
elements, and (6) other compounds 

are investigated in the laboratory, it is Order of ^ciiyity of Metals 
found that the various metals react at 
different rates. That is, these metals 
seem to exhibit different tendencies 
toward participation in chemical 
changes. Measurement of the rates at 
which metals react with various sub- 


TABLE n 
OF Activity of 
Potassium 
Barium 
Caltaum 
Sodium 
Magnesium 
Aluminum 
Manganese 


stances (c.gr., acids) makes possible the 
establishment of a definite “order of 
activity” such as that given in Table 8. 
In this table the metals are listed in 
decreasing order of activity, i.e., the 
higher the metal in this series the 
greater is its activity or tendency to 
react. For the sake of simplicity many 
of the less common metals have been 
omitted, but such a list could be estab- 
lished readily to include all the known 
metals. 


Zinc 

Chromium 

Iron 

Cadmium 

Nickel 

Tin 

Lead 

Hydrogen 

Bismuth 

Copper 

Silver 

Mercury 

Platinum 

Gold 
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The inclusion of hydrogen (a nonmelal) is worthy of particular 
attention. Even if there were no better reason, its inclusion could 
easily be justified because in its reactions hydrogen exhibits many sim- 
ilarities to the metals. Hydrogen is included also because it provides 
a line of demarkation between those metals which will and those 
metals which will not react with acids to liberate hydrogen. In this 
connection, the following generalizations may be made: 

1. Metals above hydrogen react with acids (other than ones such 
as nitric and concentrated sulfuric) to form hydrogen and a salt. 
Furthermore, the farther a metal stands above hydrogen, the more 
vigorous is its reaction with an acid. 

2. Metals below hydrogen do not react witli acids wit h liberal ion of 
hydrogen. 

3. The metals below hydrogen and above platinum react with 
acids such as nitric and concentrated sulfuric t o form salts and products 
other than hydrogen. 

4. Platinum and gold do not react with acids of any kind. 

8.3. Radicals 

The equations written to represent the reactions by means of which 
hydrogen may be prepared present some problems not previously 
encountered by the beginning student. In the equation, 

Zn -f- H2SO4 — ^ ZnS 04 -f* H2 

A portion, SO4, of the formula for the acid is also a part of the formula 
for the salt (ZnS 04 ). It appears that this particular group of atoms 
was unaltered in the course of the reaction. Inspection of the other 
equations reveals the presence of several groups of atoms which behave 
similarly, e.g., PO4, C2H3O2, OH, and NaO. Such groups of atoms are 
known as radicals. A radical is defined as a group of atoms that 
behaves as an unaltered unit in a chemical reaction. Where 
different radicals or two or more of the same kind of radical are present 
in the formula of a compound, these radicals are usually enclosed in 
parentheses. It should not be inferred that a group of atoms that 
constitutes a radical in one reaction must always behave as a unit. 
All the common radicals can be disrupted by suitable kinds of chemical 
attack. 

8.4. Valence 

Another problem involved in the writing of equations of the type 
given in Sec. 8.1 has to do with the ability of the metals to displace 
hydrogen from its compounds. A careful inspection of these equations 
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leads to the conclusion that some metals can displace more hydrogen 
than can certain other metals. In order to investigate this matter 
further, suppose that 1 gram-atomic weight of sodium (22.997 g.), 1 
gram-atomic weight of zinc (65.38 g.), and 1 gram-atomic weight of 
aluminum (26.97 g.) are each treated separately with an excess of 
dilute sulfuric acid. If the hydrogen liberated in each case is collected 
and the volume corrected to standard conditions, the results will be 



Fk;. 39. — The relative volumes of hydrogen liberated by gram-atomic weights 
of the metals sodium, zinc, and aluminum. 

of the character indicated in Fig. 39. These results, together with the 
equations for the reactions (Sec. 8.1), make evident the facts that 

1 gram atom of Na displaces 1 gram atom of H 
1 gram atom of Zn displaces 2 gram atoms of H 
1 gram atom of A1 displaces 3 gram atoms of H 

With this in mind consider the four formulas HCl, H 2 O, NH3, and 
SiH 4 . Apparently, elements differ not only in their ability to displace 
hydrogen from its compounds but also in their ability to hold hydrogen 
in combination. From the three cases just cited it may be concluded 
that 

1 gram atom of Cl combines with 1 gram atom of H 
1 gram atom of O combines with 2 gram atoms of H 
1 gram atom of N combines with 3 gram atoms of H 
1 gram atom of Si combines with 4 gram atoms of H 
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The property of elements having to do with what might be called 
their combining capacity is known as valence. The number of 
atoms of hydrogen displaced by or combined with one atom of 
a given element is a measure of the valence of that element. 
Thus, the valence of sodium = 1, zinc = 2, aluminum = 3, chlo- 
rine = 1, oxygen = 2, nitrogen = 3, and silicon = 4. Some elements 
exhibit more than one valence. 

The foregoing definition of valence is not entirely satisfactory. It 
ofl*ers no explanation as to why, for exaniphi, I atom of sodium can 
displace only 1 atom of hydrogen whereas 1 atom of zinc can displace 
2 atoms of hydrogen. To explain this difierence a more intimate 
knowledge of the nature of the atoms concerned is required. As an 
ad interim compromise, valence may be looked upon merely as a 
number that represents the “combination value’’ or “displacement 
value” of each kind of atom. 

Valence of Common Elements and Radicals. If the valences 
of a few of tlie elements are known together with the formulas of a few 
simple compounds, the formulas for many compounds may be deduced 
readily. Suppose, for example, that one wished to write the correct 
formula for the compound formed by the direct union of magnesium 
and nitrogen, Mga^Ni,. From the known formula NHg, it is seen that 
the valence of nitrogen is 3. Magnesium forms a compound having 
the formula Mg(0H)2, and from the formula for water [H(OH)] the 
valence of the (OH) radical must be I. If the valence of the (OH) 
radical is 1, then that of Mg must be 2. Hence, there may be written, 


TABLE 9 

Vai.enck of Common Elements 


Univalent 
(valence = 1) 

Divalent ! 
(valence =2) 

Tri valent 
(valence = 3) 

Metals : 

Cd Mg 


Na 

Ca Mil 

\1 

K 

Ba Hg 

Bi 

Ag 

Cu Sn 

Fe 

Cu 

Fe Zn 

Cr 

Hg 

Pb 


Nonrnetals:* 

0 


Br Cl 

S ' 

N 

F I 


P 

H 


B 


• The nonmetala carbon and ulioon commonly have a valence of 4. 
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II III 

MgxNy. In a binary compound, each kind of atom must con- 
tribute the same total number of units of valence. Thus, if one 

II III 

writes Mg 3 N 2 , magnesium contributes 3 X 11 = h and nitrogen con- 
tributes 2 X 111 = 6 units of valence, and Mg 3 N 2 is the correct for- 
mula for magnesium nitride. 

For reference, there are collected in Table 9 the valences of the 
more common metals and nonmetals. Elements that commonly 
exliibit more than one valence are listed in more than one column. 
The names, formulas, and valences of the common radicals are listed 
in Table 10. 


TABLE 10 
CoMAK)N Radicals 


Name 

Formula 

Valence 

Aiiiinonimn 


1 

Hydroxyl (or hydroxide) 

1 OH 

1 

Nit.raU* 

NO3 

1 

Acetate 

CJIsOj 

1 

Chlorate .... 

C103 

I 

Sulfate 

S04 

2 

Sulfite 

S03 

2 

Carbonate ... ... 

C03 

o 

Phosphate 

P04 

3 

Arsenate* 

As()4 

3 


Equation Writing. Suppose that it is required to write an 
equation for the reaction between cadmium and phosphoric acid. 

Cd 4- H,P04 Cd.(P04), + R. 

The valeiK^e of Cd is 2, that of the phosphate radical is 3; hence, the 
( orrect formula for the salt,* cadmium phosphate, must be Cd 3 (P 04 ) 2 , 
and 

Cd -f H 3 PO 4 — > Cd3(P04)2 “h Hi 2 

The formula, Cd 3 (P 04 ) 2 , requires that at least 3 atoms of Cd and 2 
molecules of H3PO4 be used, 

3Cd -f- 2H3PO4 — *■ Cd3(P04)2 F R2 

and the use of 2 II 3 PO 4 provides a total of 6 atoms of hydrogen or 3 
molecules, 3 H 2 . The complete and balanced equation therefore is 

3 Cd -f* 2H8PO4 — ► Cd 8 (P 04)2 3R2 
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8.5. Commercial Methods for the Preparation of Hydrogen 

Of the methods given for the laboratory preparation of hydrogen, 
only the reaction between iron and steam is suitable for industrial 
application, and it is so used only to a limited extent. Some hydrogen 
is produced commercially by the catalytic decomposition of ammonia, 

2N1H3 ->1^2 + 3 H 2 

and some is obtained as a by-product of the production of chlorine, 
alcohols, and other chemicals. 

Bosch Process. The chief commercial method for the production 
of hydrogen is known as the Bosch process and involves the reaction 
between steam and hot carbon. 

C + F?70 CO + H 2 

The mixture of carbon monoxide and hydrogen is known as water gas. 
The carbon monoxide then reacts with additional steam to form carbon 
dioxide and more hydrogen. 

CO H 2 O — ^ CO 2 Fl2 

The separation of the CO 2 and H 2 is accomplished by dissolving the 
CO 2 in water under high pressures, under which conditions only a very 
small quantity of the hydrogen is dissolved. 

Preparation from Methane. A method similar to the Bosch 
process is that which depends upon the reaction between methane, 
CH4 (which is the chief component of natural gas) and steam, 

CH 4 “h H 2 O — * CO -j- 31^2 
CO 4“ H 2 O — CO 2 4“ Fl 2 

The CO 2 and H 2 are separated by the same method as that described 
in connection with the Bosch process. Hydrogen is also produced 
commercially by decomposing methane in contact with refractory 
bricks at 1000° to 1100°C. 

Preparation by the Electrolysis of Water. It was pointed out 
in Sec. 4.1 that the decomposition of water by means of an electric 
current provides a means of securing oxygen gas on a commercial 
scale. At the same time hydrogen gas is liberated. 

2 H 2 O — > 2ThI2 4" ^^2 

By suitable arrangement of apparatus the two gases may be collected 
separately. Although this method is not so extensively used as the two 
preceding ones, it is of interest because it permits the simultaneous 
production of two common and important gases. 
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8. 6. Physical Properties of Hydrogen 

Hydrogen is a colorless, odorless, tasteless gas which is soluble in 
water only to the extent of 1.78 cc. per 100 cc. of water at 20°C. It is 
the lightest known gas, having a density of 0.0899 g. per liter at S.T.P. 
and is nearly 14.5 times lighter than air. Other significant physical 
properties of hydrogen are (;ritical temperature = — 239.9°C., boiling 
temperature = — 252. 78°(k, and freezing temperature = -‘259.2°C. 

8.7. Chemical Behavior of Hydrogen 

Under suitable conditions, hydrogen combines with all the non- 
metals except the inert gases and with many of the metals as well. 
The (xirnpounds with the metals are called hydrides; those with the 
nonmetals are given other names. Most reactions between hydrogen 
and the elements require elevated temperatures. 

2Na + 1^2 2NaH 

Sodium hydride 
Ca -h H 2 CaH. 

Calcium hydride 
S *4- 1-12 H2$ 

Hydrogen sulfide 
2P 4- 3 H 2 * 2FF13 

Phosphine 

Of particular importance is the formation of water by the direct union 
of hydrogen and oxygen. This reaction does not occur at all at ordi- 
nary temperatures but occurs slowly at 500°C. and almost instan- 
taneously at 700°. This reaction is catalyzed by finely divided 
platinum (Pt), palladium (Pd), iron, iron oxide, etc. These and other 
catalysts have the property of absorbing (or adsorbing) huge quanti- 
ties of hydrogen on their surfaces and the catalytic action probably is 
due to the resulting localized increase in the concentration of hydrogen 
with resultant increase in the rate of combination with oxygen at the 
surface of the catalyst. For example, 1 volume of powdered palladium 
metal is capable of absorbing about 800 volumes of hydrogen at ordi- 
nary temperatures. 

When two parts by volume of hydrogen and one part by volume of 
oxygen are brought together, the mixture may be caused to react with 
explosive violence by a flame or an electric spark. This behavior is the 
cause of numerous industrial accidents and of explosions suffered by 
balloons and other lighter-than-air craft filled with hydrogen. Such 
craft are subject to the hazard of explosions due to ignition of an 
explosive mixture of hydrogen and air by electric sparks, lightning, 
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flames, or incendiary bullets. Pure hydrogen burns with a colorless 
but extremely hot flame. 

Reducing Action of Hydrogen. At suitably elevated tempera- 
tures, hydrogen reacts with many compounds to remove and combine 
with one or more of the elements contained in the compound. At 
high temperatures hydrogen removes and unites with the oxygen con- 
tained in the oxides of certain metals (Fig. 40).. 

CuO H2 — *' Cu -|~ H2O 
Fe,04 + 4H2 “> 3 Fe + 4 T=n ?5 

These changes are known as rednciion reactions and the metal oxides 
are said to be reduced^ but just as the term oxidation is not restricted 



Fig. 40. — Laboratory apparatus for use in the reduction of iiudal oxides by 
means of hydrogen. The oxide to be reduced is placed in a porcelain boot con- 
tained in a glass tube which is connected to the hydrogen generator shown on the 
left. Water formed in the reaction may be condensed in the test tube cooled in an 
ice bath. 

to reactions of oxygen, so the term reduction may be and is applied 
to many reactions that do not involve hydrogen. 

It is enlightening to consider, in terms of the order of activity of 
metals, the ease with which oxygen can be removed from oxides of the 
metals. Starting at the bolTom of the list (Table 8) oxygen may be 
removed readily from the oxides of gold, platinum, mercury, and 
silver merely by the application of heat. From silver to and including 
iron, the removal of oxygen from the corresponding oxides becomes 
increasingly difficult but may be accomplished by reduction with 
hydrogen. The oxides of the metals above iron are still more stable 
(resistant to decomposition) and the removal of oxygen from these 
oxides requires still more vigorous modes of chemical attack. From 
all this it may be concluded that the metals that stand highest in the 
order of activity form, in general, the most stable compounds. 
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8.8. Uses of Hydrogen 

In the United States alone the annual consumption of hydrogen 
in the various cliernical industries reaches enormous proportions, 
l^arge quantities of liydrogen are used in the manufacture of ammonia 
which in turn is converted into fertilizers and explosives. Fat sub- 
stitutes ar(‘ produced by the “hydrogenation” of liquid oils of animal 
and vegetable origin. From 1000 to 5000 cu. ft. of hydrogen is 
required to convert 1 ton of cottonseed oil to a semisolid mass which 
may be used as a substitute for lard or in the manufacture of soap. 
Another large-scale use of hydrogen is the hydrogenation of coal. 
In this process, a part of the coal is changed to a light oil from which 
gasoline and lubri(;ating oils may be obtained. Despite the danger 
of explosions, hydrogen is still used for the inflation of balloons and 
dirigibles in those countries which are prevented from obtaining helium 
by the monopolistic control exercised by the government of the United 
States. 

EXERCISES 

1. In the language of chemistry, what is the meaning of the terms (a) radical, 
(b) valence? 

2. Write equations rt'.presenting three laboratory inetliods and three commer- 
cial methods for the preparation of hydrogen. 

S. Knowing that, both CO and II 2 are only sparingly soluble in water, suggest 
a method whereby hydrogen could be separated from carbon monoxide. 

4. Write formulas for the simple binary compounds formed by the direct 
union of the following pairs of elements: 

(a) Potassium and sulfur 

(b) Barium and fluorine 

(r) Aluminum and iodine 

(d) Bismuth and nitrogen 

(e) Silver and phosphorus 

(/) Boron and bromine 

5. It is proposed to produce metals by removal of oxygen (reduction) of 

oxides. For the reactions suggested below, write equations for those cases in which 
the suggested reaction will occur. ' 

(а) Ag 20 -h heat (d) BizOa -f hydrogen 

(б) ZnO 4- heat (e) M 2 O 3 + hydrogen 

(c) NiO 4 - hydrogen (/) GuO 4- heat 

6. Each of the following pairs of substances represents a combination of metal 
and acid for use in the preparation of hydrogen. For those cases in which the 
formation of hydrogen is possible, write equations for the reactions. 

(а) Tin -j- hydrochloric acid (d) Calcium 4- hydrochloric acid 

(б) Magnesium 4- acetic acid (e) Manganese -|- nitric acid 

(c) Copper -f phosphoric acid (/) Cadmium -f acetic acid 
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7. Calculate the weight of tin required to produce 22 tons of hydrogen gas. 

8. If hydrogen is to be produced by the reaction between magnesium and 
water, what weight of water will be consumed in the production of 89.6 liters of 
hydrogen (measured at S.T.P.)? 

9. Calculate the weight of lead metal that will result if 10 lb. of lead oxide are 
reduced by means of hydrogen gas. 

10. If magnesium reacts with hot water, why is it possible to use Mg-Al alloys 
in sdrplane construction ? 
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CHAPTER IX 

SOLUTIONS 


The chemical changes described in detail or used as illustrations up 
to this point have been concerned for the greater part with pure gases, 
liquids, or solids. Hereafter, greater emphasis will be placed upon 
reactions involving mixtures, but mixtures of the particular variety 
known as solalions. The manufacture of many useful chemical prod- 
ucts and the great majority of the more important types of chemical 
change involve solutions either directly or indirectly. 

9.1. Nature of Solutions 

Everyone is familiar with the fact that some liquids have the 
ability to wet the surfac(\s of solids. This wetting effect is the result 
of an attraction between the molecules of the liquid and those of the 
solid. In many cases, these attractive forces succeed in dislodging 
single molecules (or larger particles) of the solid and in surrounding the 
dislodged molecules completely by molecules of the liquid. Under 
these circumstances, the solid is said to dissolve in the liquid and the 
resulting mixture of solid dissolved in liquid is called a solution. 

If the dissolved substance exists in the solution in the form of single 
molecules or very small clusters or groups of molecules uniformly dis- 
tributed throughout the body of the liquid, the mixture is perfectly 
homogeneous and the dissolved particles show no tendency to settle 
out under the influence of gravity. A mixture of this character is 
known as a true solution. If, however, the particles consist of large 
clusters or groups of molecules, the resulting mixture will not be per- 
fectly homogeneous, the particles will show at least a limited tendency 
to settle under the influence of gravity, and the mixture is said to be 
a colloid. There is yet another possibility. Suppose that the particles 
are of such size (very large groups of molecules — particles visible to the 
unaided eye) that the mixture is obviously heterogeneous and the par- 
ticles can be made to remain distributed throughout the liquid only 
by continuous stirring. Under these conditions the mixture is properly 
described as a suspension. The distinction, then, between true solu- 
tions, colloids, and suspensions is largely one of relative particle size. 

A clear distinction must also be drawn between solutions and com- 
pounds. It has been established already that compounds are sub- 
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stances having absolutely definite composition, and this is certainly 
not true of solutions. One may dissolve ] g., 10 g., or 100 g. of cane 
sugar in 1 liter of water, and in each case there will be formed a true 
solution. The composition of a true chemical compound, however, 
is not subject to any such variations. Accordingly, it is seen that 
solutions difler from compounds in that the composition of solutions 
is variable. 

9.2. Composition of Solutions 

In view of the foregoing ideas concerning the nature of solutions, 
a solution may be defined as a homogeneous mixture the com- 
position of which may be varied between certain definite limits. 
Every solution must consist of at least two components: a solute and a 
solvent. These two components are usually designated in terms of the 
relative quantities involved; the component present in larger quantity 
is usually called the solvent. For example, if a solution consists of a 
homogeneous mixture of 10 g. of ordinary table salt and 100 g. of 
water, the salt is the solute and the water is the solvent. If, however, 
a homogeneous mixture consisted of 100 g. of water and 100 g. of 
alcohol, a clear distinction between solute and solvent could not be 
made except on some wholly arbitrary basis. 

9.3. Classification of Solutions on the Basis of the Physical 
State of the Solute and Solvent 

Unless some thought is given to the matter, one is likely to get into 
the habit of thinking of solutions only in terms of solutions of solids 
in liquids. Although it is true that most common solutions are of this 
variety, there are eight other possible types of mixtures. The nine 
types, together with suitable examples, in the cases of those which fre- 
quently exist as true solutions include: 

1. Solutions of Gases in Gases. Example: air or any other homo- 
geneous mixture of gases, 

2. Solutions of Gases in Liquids. Example: “carbonated” soft 
drinks which consist of carbon dioxide gas (and other solutes) dissolved 
in water. 

3. Solutions of Gases in Solids. Example: the absorption of hydro- 
gen by palladium (Sec. 8.7) may be looked upon as a situation in which 
a gas is dissolved in a solid. 

4. Solutions of Liquids in Liquids. Example: a mixture of alcohol 
and water. 

5. Solutions of Liquids in Solids. Example: the liquid metal mer- 
cury forms solutions with certain solid metals such as gold. 
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6. Solaiions of Solids in Liquids. Example; sugar dissolved iii 
>\aler, or any other of the inany familiar examples of this the most 
common type of solution. 

7. Solulions of Solids in Solids. Example: the alloy known as 
brass consists of a solid solution of zinc in copper. 

8. Mixtures of Liquids and Gases. 

9. Mixtures of Solids and Gases. 

Any substance that dissolves in a given solvent is said to be 
soluble in that solvent. 

9.4. Classification of Solutions in Terms of the Quantity of 
Solute 

In speaking of the coiK'.entration of solutes present in solutioris 
(i.e., the (juantity of solute per unit volume of solution) tlie (‘Jiemist 
uses (pertain terms which are somewhat indefinite but whic h neverthe- 
less convey real meanings. Two purely relative designations are the 
terms concentrated and dilute, (kmcentratc^d solutions are understood 
to be ones that are relatively rich in solute as compared with dilutee 
solutions in which th(‘ coiK'cntrat ion of solute is rc'latively small. In 
an effort to qualify these already indefinite teurns, the cheunist employs 
numerous variations. Thus, one speaks of ‘‘highly conceuitrated/’ 
“ven'y dilutee,” “moderately dilute'’ solutions, edc. 

Saturated Solutions. If a large eaihe of sugar is allowed to 
stand in the presence of a quantity of water if^sufTieaent to dissedve all 
of the sugar, molecules of the solid 
sugar go into solution and distribute 
themselves uniformly throughout 
the body of the liquid. At any 
given temperature, tliis proe^ess will 
continue and, as the concentration 
of sugar molecules in solution in- 
creases, some of these molecules will 
leave the solution and return to the 
solid. In time, the rate at which 
molecules are leaving the solution 
and returning to the solid becomes 
equal to the rate at which molecules 
are leaving the solid and entering 
the solution (Fig. 41). In other words, a condition of dynamic 
equilibrium becomes established, and under these conditions the solu- 
tion is said to be saturated. Accordingly, a saturated solution is one 


Serfuroffed solution 


t i 



7 


Solid 


F 


Fig. 41. — Equilibrium between a 
solid and a saturated solution. 
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which is in equilibrium with an excess of the undissolved 
solute. 

It is easy to prove that a condition of dynamic equilibrium exists 
in a saturated solution. If a broken or otherwise imperfect c rystal 
is suspended (by means of a fine wire) in a saturatc*d solution in which 
the solute is of tlie same composition as the crystal, the solution will 
remain saturated and the total weight of the crystal will not change. 
In time, however, the imperfection in the crystal will tend to be 
repaired. That is, solute molecuh‘s l(‘ave from any or all surfaces of 
the crystal but return from the solution to the crystal primarily in the 
region where the imperfection exisls. 

Standard Solutions. In studying the properties of solutions and 
in carrying out chemical reactions involving solutions, it is frequently 
necessary to use solutions coninining definite known cfuantities of 
solute. Any solution of known (‘oncnntration is cJassc'd as a standard 
solution. There are several different kinds of standard solutions in 
common use, e.g., molar and niolal solutions. 

A molar solution is one which contains one gram-molecular 
weight of a solute dissolved in enough solvent to make exactly 
one liter of solution. For example, if 1 gram-molecular weight 
(1 mole) of alcohol (C 2 H 6 O) (16 g.) is dissolved in enough water to 
make 1 liter of solution, the resulting solution is one molar (1 M). If 
2 moles (2 X 46 = 92 g.) are dissolved in enough water to make 1 liter 
of solution, this solution is two molar (2 A/), etc. Similarly, 1 liter 
of solution containing mole of alc^ohc^l {} \o X 42 = 4.2 g.) is said 
to be one-tenth molar (0.1 M). Solutions prepared on the basis of 
molarity are particularly useful in the study of those properties of 
solutions which depend upon the number of molecules contained in a 
given volume of solution. One liter of a 1 M solution of any solute 
contains, of course, 6.02 X 10^^ molecules of solute; a 0.5 M solution 
contains just one-half this number of molecules, etc. 

A molal solution is one which consists of one gram-molec- 
ular weight of solute dissolved in 1000 grams of solvent. Since 
in dilute solutions 1000 g. of solvent and 1 liter of a water solution are 
not greatly different, a one-tenth molal (0.1 m) and a one-tenth molar 
(0.1 M) solution may be practically identical. On the other hand, 
one molal and one molar solutions might be appreciably different. Of 
the two, molal solutions are less frequently employed. 

A third kind of standard solution is the normal solution. This 
type will be discussed in connection with the study of reactions between 
acids and bases (Sec. 11.9). 
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9.5. Solubility 

Returning for the moment to the discussion of saturation and to 
Fig. 41, it will be recalled that the extent to which sugar may be dis- 
solved by a fixed quantity of water is limited. The quantity of solute 
that can be dissolved in a given quantity of solvent is called the 
solubility of that solute. Although any convenient units may be used, 
solubilities are usually expressed in grams of solute; per 100 g. (or 
100 ml.) of solvent,. The solubilities of a few solids in water are listed 
in Table 11 together with the descriptive terms usually employed in 
referring to substances having solubilities of the indicated order of 
magnitude. 

Not all solutes are of limited solubility. The solubility of gases in 
gases is without limit, since the composition of a gaseous mixture may 
be adjusted to any desired composition. In some cases, the solubility 
of liquids in liquids is limited, ^\hile in other liquid-liquid mixtures no 
such limitation exists and the two liquids are said to be miscible in all 
proportions. 


TABLE 11 

Solubility of Some Solids in Water 


Solute 

Solubility, g. 
solute per 100 
ml. water 

Qualitative 

description 

Sodium chlorate (NaClOa) 

97.16) 

74.31j 

35.86) 

30.34/ 

3.7 

1.49 

0.2 

0.005 \ 
0.00013 [ 
0.00023] 

Very soluble 

Moderately soluble 

Sparingly or slightly 
soluble 

Insoluble* 

Magnesium nitrate [Mg(N() 3 ) 2 ] 

Sodium chloride (NaCl) 

Potassium nitrate (KNOa) 

Barium hydroxide [Ba(()H) 2 ] 

Lead chloride (PbCL) 

Calcium sulfate (CaS 04 ) 

Zinc fluoride (ZiiP^ 2 ) 

Silver chloride (AgCl) 1 

Barium sulfate (BaS 04 ) 



* No Bubslance is absolutely insoluble, but for all practical purposes substances of extremely low 
solubility may be so considered. 


9.6. Factors That Influence Solubility 

The solubility of a pure solute in a pure solvent is definite only 
under specified experimental conditions. The solubility of solids in 
liquids is markedly dependent upon temperature, while the solubility 
of gases in liquids is influenced by both temperature and pressure. 
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Two additional factors that may have a bearing on the solubility of a 
given solute are (1) t he presence of other solutes and (2) the occurrence 
of a chemical reaction between the solute and the solvent. 

As a general rule, each solute dissolves in and saturates the solution 
without being greatly affected by the presence of other solutes, but 
this is not always true. An exception to the general rule is found in the 
influence of the presenc^e of hydrogen chloride upon the solubility of 
sodium chloride in water. If the solubility of NaCl in water is meas- 
ured accurately, it will be found to be, for example, 35.86 g. of NaCI 
per 100 ml. of watcc at 18®C. If now, the solubility of NaCl in water 
saturated with hydrogen chloride gas is determined, the solubility will 
be found to ho much less than that of the above value. To prove the 
same point by another approacJi, if IK^l gas is bubbled into a saturated 
solution of NaCd in water, crystals of NaCl will separate from the solu- 
tion. In still other instances, the solubility of one solute is enhanced 
by the presence of one or more ollua- solutes. 

Clunnicai interac^tion of solute and solvent (or of one solute and 
another) also is (mcountered frecpiently. Thus, salts that combine 
with mohcules of the solvent (Sch*. 10.6) are usually more soluble than 
those salts which dissolve without chernic’a! combination with the sol- 
vent. The extensive solubility of ammonia in water is to some (extent 
due to the combination of mcdecules of ammonia with molcculc^s of the 
solvent to form the base known as ammonium hydroxide. 

NR3 + H0H->NH40H 

Bromine is only slightly soluble in water but is extensively soluble 
in water containing dissolvc^d sodium bromide, NaBr, and this enhanced 
solubility is believed to rc^sult from reaction between the bromine and 
sodium bromide. It is extremely diflicult, if not impossible, to draw 
a sharp line of demarcation between those procc^sses of solution which 
do and those which do not involve cdiernical changes of some sort. 
Unless c^therwise specified, the following discussion (as well as that 
of Chap. X) assumes that chemical reaction between solvent and 
solute either is absent or is without bearing upon the topics under 
consideration. 

Influence of Temperature and Pressure upon the Solubility 

of Gases in Liquids. When a glass container filled with ice water 
(at 0°C.) is allowed to stand and warm to room temperature, small 
bubbles of gas are seen to collect around the walls of the container and 
finally to rise to the surface and escape from the solution. This simple 
experiment proves that the solubility of the gas (in this case the air 
that was already dissolved in the water) is less at room temperature 
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than it is at 0°C. In general, the solubility of gases in liquids decreases 
with an increase in temperature. 

At any given temperature, tlie solubility of gases increases with 
increase in pressure and is directly proportional to the applied pressure. 
This is a statement of IJenry's law. If a gas is conlined over water in 
a cylinder fitted with a movable piston (Fig. 12) and the piston is at 
such position (A) that the pressure upon the 
gas is 1 atm., a certain definite quantity of the 
gas is dissolved by the available solvent. If 
now the piston is moved so t hat I he gas is 
placed undiir a pressure of 2 atm. (position B), 
the solubility of tiie gas will be doubled. If a 
mixture of gases is used, eacli gas dissolves to 
an extent that is dt'pendent only upon its 
partial pressure in the mixture aiid not upon 
the preseiu^e of the oUj(‘r gases in the mixture. 

The sequ('n(;c of events tliat accompany the 
opening of a cold bot tle of soda water serves to 
illustrate the effects of botli pressure and tem- 
perature. When the cap is first removed, the 
sudden evolution of carbon dioxide gas pro- 
vides evidence that this gas is less soluble at Pjq. 42. Influence 

atmosplKU’ic pressure than at the pressure exist- pressure upon the 

ing williiii ilie unopened bottle. The <-ireet of “ 

temperature is shown by the progressive libera- 
tion of carbon dioxide as the contents of tlie bottle slo\Yly warm to the 
temperature of the surrounding atmosphere. 

Influence of Temperature upon the Solubility of Solids in 
Liquids. In general, the solubility of solids in liquids increases with 
increase in temperature. However, a few^ solids sucli as calcium sul- 
fate (CaS04), calcium chromf\t,e (CaCr04), cerous sulfate [('02(804)3], 
and (lalcium hydroxide [Ca(0H)2] behave in just the opposite manner. 
The solubility of a number of solids in water and their variation in 
solubility over the temperature range of 0° to 100°C. arc shown 
graphically in Fig. 43. If a solution is saturated at 25° and the tem- 
perature is then increased to 30°, more solute dissolves until a new 
equilibrium is established {Le., the solution again becomes saturated) 
at the higher temperature. If the solution is then cooled to the origi- 
nal temperature of 25°, crystals of the solute will separate from the 
solution in an. amount equal to that whicdi dissolved because of the 
increase in temperature. This behavior is observed in all cases except 
those ill which supersaturation occurs. Occasionally crystals do not 
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separate immediately when a saturated solution is cooled. At the 
lower temperature, then, such a solution contains more dissolved 
solute than is normally present at that temperature and is therefore 
described as a supersaturated solution. Crystals usually may be 
obtained readily from a supersaturated solution by stirring the solu- 



Fig. 43. — The relation between the solubility of certain salts and temperature. 

tion vigorously or by inoculating or “seeding” the solution with a crys- 
tal of the same composition as the solute. Even tiny dust particles 
which serve as centers about which crystal growth may occur are 
sufficient to induce crystallization from a supersaturated solution. 

Rates of Solution. Particularly in connection with solutions of 
solids in liquids, care should be exercised in order to avoid confusion 
between the extent of solubility and the rate of solution. At any given 
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temperature, a particular sample of a solid may be very soluble and 
yet appear to dissolve only slowly. The rate at which a solid dissolves 
in a liquid depends upon the extent of contact between the solvent 
and the surface of the solid. Thus, a single crystal of salt weighing 1 
g. will dissolve in water muesli more slowly than will 1 g. of the finely 
powdered salt in the same quantity of water at the same temperature. 
If one wishes to increase the rate at which a solid dissolves in a liquid, 
incr(iased surface contact between solid and solvent may be had by the 
use of a finely divided solid and by agitating (stirring) the mixture. 

9.7. Recryslallization as a Means of Purifying a Solid 

When a solution containing two solutes is cooled, crystals of Ihe 
less soluble solute will begin to separate from the solution as soon as the 
saturation point of this solute is reached. The (Tystals that appear 
will b(^ of the particular crystal type (diaracteristic of the given solid 
substance and usually will not contain molecules of the more soluble 
solute. Apparently, the molecules of the second substance usually do 
not fit into the particular crystal pattern that is being built. Should 
the solution be coohjd sufrua’cntly or should the two solutes be of com- 
parable solubility, ea(;h usually crystallizes independently and in its 
own (characteristic crystalline form. 

Advantage is taken of this behavior in the purification of solids. 
Suppose, for example, that it is desired to obtain pure pc^tassiurn 
chlorate from an impure sample (X)nsisting (^f 40 g. of KClOs con- 
taminated with 10 g. of KCl. If this solid mixture is dissolved in 100 
ml. of water at 100°C., then cooled, crystals of KfUOa will begin to 
separate from the solution when the temperature reaches about 80° 
(see Fig. 43) and will continue to separate as the temperature is 
lowered further. Even if cooled to a temperature near 0°C., the KCl 
will remain in solution since the solubility of KCl is about 13 g. per 
100 ml. of water at 0°. The crystals of KCIO 3 may be separated from 
the solution by filtration. 

The foregoing illustration gives a somewhat idealized picture of 
the process of purification by recrystallization. In actual practice, 
the first “crop” of crystals obtained is seldom of a high degree (f 
purity, and succeeding crops (which may be filtered off periodically as 
the temperature is lowered through certain intervals) are still more 
greatly contaminated by small quantities of the impurities. This is 
particularly true if the solubility of the impurities is not greatly dif- 
ferent from that of the desired pure substance. However, if the first 
crops of partly purified material are again recrystallized from water, a 
product of the desired degree of purity may be obtained. A solid that 
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has been purified in this manner is said to have been recrystallized and, 
if the crops of crystals that separate from the solution as the tempera- 
ture is lowered through definite intervals are collected separately, the 
process is referred to as one involving /me/ iona/ crystallization. 

9.8. Common Solvents 

From the preceding discussions it is evident that one may choose 
from an almost unlimited variety of solvents iiu luding solids, liquids, 
and gases. In spite of this fact, liowever, the great bulk of presently 
available knowledge of solutions c(U)ters about a single solvent-, viz., 
water. The fact that chemical developments of the past have empha- 
sized the chemistry of solutions in water siiggivsts tliat real opportuni- 
ties for future developments lie in the study of solvents other than 
water. To the extent that it serves as a solvent, for iriorganic sub- 
stances, water occaipies a unique position. It is, on the other hand, a 
relatively poor solvent for organic substances. Solutions in which 
water is the solvent are commonly referred to as aqueous solutions. 
Other solutions (or substances in general) that contain no wahu* are 
said to be anhydrous. 

In recent years, two additional inorganic solvents have come to be 
used more commonly in chemical Avork. These are ammonia and 
sulfur dioxide, both of which are gases under ordinary atmospheric 
conditions but which may be employed as liquid solvents at low tem- 
peratures and/or under pressure. In addition to being fairly good 
solvents for inorganic solutes, ammonia and sulfur dioxide are also 
excellent solvents for organic substances. 

Some of the more important organic solvents are acetone, alcohols 
such as methyl and ethyl alcohols, dietliyl ether, and benzene. The 
chemical nature of these materials will be considered in some detail in 
Cliaps. XXXril to XXXAT. In general, these organic liquids serve 
well as solvents for organic solutes but exhibit only very limited capaci- 
ties to dissolve inorganic substances. 

EXERCISES 

1. Define the following terms: (a) solution, (6) solvent, (c) solute, (d) molar 
solution, («) molal s(5lution, (/) saturated solution. 

2. Distinguish clearly between the following terms: (a) dilute and concentrated 
solutions, (6) standard solution and molar solution, (c) molar and molal solutions, 

(d) true solution, colloid, and suspension, (e) compound and solution. 

3. What is meant when the following expressions are used: (a) an insoluble 
substance, (b) miscible liquids, (c) soluble in water, (d) a supersaturated solution, 

(e) the solubility of a substance? 

4. How is the solubility of a gas in a liquid influenced (a) by an increase in 
pressure, (6) by a decrease in temperature? 
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5. What generalization may be made with regard to the influence of temper- 
ature upon the solubility of solids in liquids P 

6. Determine the weight of solute required to prepare each of the following 
solutions : 

(а) 1 liter of 0.5 M alcohol (C 2 H 6 O) solution 

(б) 3 liters of 1 M sodium chloride solution 

(c) Vi liter of 0.3 M glycerol (GsHsOa) solution 

(d) 100 ml. of O 4 I M hydrogen chloride solution 

7. What difficulty would be encountered if one attempted to prepare a 1 M 
solution of silver chloride? 
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CHAPTER X 

PHYSICAL PROPERTIES OF SOLUTIONS 

From the study of the properties of liquids (Chap. VI), it should be 
recalled that each pure liquid is characterized by definite physical 
properties such as boiling temperature, freezing temperature, and 
vapor pressure. The following discussion is concerned with the man- 
ner in which these physical properties are altered by the presence of 
solutes. Throughout this discussion, only nonvolatile solutes will be 
considered. If the influence of a solute is to be studied, it is certainly 
desirable that it remain in the solution so that its effects may be 
studied over a period of time. Volatile solutes would also complicate 
the study of the vapor pressures of solvents since the solute molecules 
themselves would escape and exert measurable vapor pressures. 
Acids, bases, and salts are excluded for other reasons which will become 
apparent later. 

10.1, Lowering of the Vapor Pressure 

When a nonvolatile solute is dissolved in a pure solvent, the vapor 
pressure of the resulting solution is less than the vapor pressure of the 
pure solvent at the same temperature. The extent to which the vapor 
pressure of the solvent is lowered is directly proportional to the ratio 
of the number of solute molecules to the total number of molecules in 
the solution. Thus, 1 gram-molecular weight of napthalene (CioHs) 
(128 g. containing 6.02 X 10^^ molecules) dissolved in acetone will 
lower the vapor pressure of acetone just exactly as much as will 1 
gram-molecular weight of camphor (CioHieO) (152 g. also containing 
6.02 X 10^^ molecules), dissolved in an equal quantity of acetone. 
Consequently, it would seem that the lowering of the vapor pressure 
depends only upon the number and not upon the kind of solute mole- 
cules present. The correctness of this assumption becomes apparent 
when one attempts, in terms of the kinetic-molecular theory, to 
visualize the manner in which the presence of solute molecules operates 
to decrease the vapor pressure of the solvent. 

The escape of solvent molecules from the liquid occurs at the sur- 
face of the liquid. In Fig, 44a, molecules in the surface of a pure 
liquid solvent are represented as being in equilibrium with solvent 
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molecules in the vapor state, and therefore exerting the normal solvent 
vapor pressure at the given temperature. In the solution (Fig. 446), 
the exposed surface is partly occupied by molecules of the nonvolatile 
solute and the available surface 
from which the escape of solvent 
molecules can occur is correspond- 
ingly diminished. Furthermore, in 
the body of the liquid, those sol- 
vent molecules which have higher 
than average kinetic energies and 
which would tend to move to the 
surface and escape will be impeded 
by the preisence of solute molecules. 

\s a result, fewer solvent molecules 
can escape from the liquid to exert 
pressure upon the surface of the 
liquid. At the same temperature, 
an increase in the number of solute molecules would serve further to 
lower the vapor pressure. 

Deliquescence. A practical example of the lowering of vapor 
pressure is found in the behavior of substances that exhibit the prop- 
erty of deliquescence. Some solids are so very soluble in water that 
they form solutions on their surfaces when exposed to an atmosphere 
containing sufficient water vapor. When solid zinc chloride (ZnCh) 
or potassium hydroxide (KOH), for example, is exposed to the air, its 
surface quickly becomes covered by a thin film of solution. This 
behavior is known as deliquescence, and the solid substance is said to 
be deliquescent or hygroscopic. Because of the presence of dissolved 
KOH, the vapor pressure of this solution is less than the partial pres- 
sure of the water vapor in the surrounding atmosphere. Conse- 
quently, the water vapor will enter the solution from the air and the 
solid will all be dissolved. Furthermore, water vapor from the atmos- 
phere will continue to enter and dilute the solution until the vapor 
pressure of the solution becomes the same as (reaches equilibrium with) 
the partial pressure of water vapor in the atmosphere. 

Use is made of this phenomenon in keeping down the dust on unsur- 
faced roads. Calcium chloride (CaCh) is a cheap commercial product 
which is extremely deliquescent. When sprinkled upon the surface 
of a dusty highway, the CaCh attracts moisture from the atmosphere 
and forms a solution which moistens the road surface and prevents 
the rise of dust particles. This application is, of course, entirely use- 
less in hot, arid climates where the partial pressure of water vapor in 
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(a) (b). 

Pure solvent Solution 

□ Solvent molecules 
■ Solute molecules 

Fig. 44. — Comparison of the sur- 
face layer of molecules in a pure sol- 
vent and a solution. 
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the atmosphere is less than the vapor pressure of a saturated solution 
of calcium chloride. 


10.2. Elevation of the Boiling Temperature 

The boiling of a pure liquid has been pictured as the condition that 
obtains when the kinetic energy of the molecules of the liquid has been 
increased (by application of heat energy) to such extent that the vapor 
pressure of the liquid exceeds the opposing atmospheric pressure. At 
an atmospheric pressure of 760 mm., the boiling temperature of pure 
water is lOO^C. If the temperature of water containing a nonvola- 
tile solute is raised to 100°C., boiling does not occur; the kinetic energy 
of the water molecules is not large enough to overcome both the oppos- 
ing atmospheric pressure and the interference offered by the scJute 
molecules. This is simply another way of saying that the vapor pres- 
sure of the solution at 100°C. is less tlian the opposing atmospheric 
pressure for it has already been shown that the vapor pressure of a 
solution is less than that of the pure solvent at the same temperature. 
The result is that the temperature must be raised above 100° in order 
to cause the solution to boil. 

Just how much elevation in temperature is required to produce 
boiling depends upon exactly the same factor that determines the 
extent of lowering the vapor pressure, viz,, the number of solute mole- 
cules present. At 760 mm., a solution consisting of 1 mole of sugar 
(342 g.) dissolved in 1000 g. of water boils at 100.515°C., which is 
exactly the same as the boiling temperature of a solution consisting of 
1 mole of glycerol (92 g.) dissolved in 1000 g. of water. Both solutions 
boil at the same temperature despite the great difference in total 
weight of solute because both solutions contain exactly the same num- 
ber of solute molecules. Excluding acids, bases, and salts, a 1-molal 
aqueous solution will boil 0.515° above the normal boiling temperature 
of pure water. With solvents other than water, the extent of elevation 
in boiling temperature is different from 0.515° but is nevertheless defi- 
nite for each solvent. 

Fractional Distillation. When a mixture of two liquids having 
different vapor pressures (and therefore different boiling temperatures) 
is heated, boiling will occur when the combined vapor pressures of the 
two liquids exceeds the opposing atmospheric pressure. The results 
obtained by continued boiling of such a mixture may be understood 
best in terms of a specific example. If a mixture consisting of equal 
volumes of alcohol (which boils at 78.4° at 1 atm.) and benzene (which 
boils at 80.4°" at 1 atm.) is placed in the boiler of a distillation apparatus 
(Fig. 45) and heated to boiling, the vapors that leave the liquid may 
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be condensed upon coming into contact with the cold inner surface of 
the condenser and collected in a suitable container. The first liquid 
(distillate) to be collected will be a mixture consisting largely of alcohol 
but containing some benzene. As the distillation continues, the tem- 
perature rises and the vapors that leave the liquid will become increas- 
ingly richer in benzene (the higher boiling component of the mixture) 
and will contain less and less alcohol. This must occur if boiling is to 
continue. Initially, the alcohol exerted the major fraction of the total 



vapor pressure of the mixture. As the alcohol is distilled from the 
mixture, the temperature must increase enough to , raise the partial 
pressure of benzene sufTiciently to overcome the loss in total vapor 
pressure occasioned by the removal of alcohol. Finally, the last 
vapors to leave the liquid are relatively richer in benzene and contain 
but little alcohol. If the vapors are condensed and collected in, for 
example, three portions or fractions, the first will be largely alcohol, 
the last collected will be largely benzene, and the middle fraction will 
be a mixture of the two. If the first and third fractions are separately 
subjected to one or more additional distillations of the same sort, pure 
alcohol and pure benzene may be secured. 
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This process is known as fractional distillation. It is employed 
extensively in the separation of crude petroleum into fractions such as 
gasoline, kerosene, or lubricating oil. Many other liquid industrial 
products are separated and purified by similar operations. 


10.3. Lowering of the Freezing Temperature 

At the freezing temperature of a pure solvent, solid exists in equilib- 
rium with liquid and the vapor pressure of the solid is identical with 
that of the liquid. For water at a pressure of 1 atm., this condition is 
realized at 0°C. When the temperature of a dilute aqueous solution 
of a nonvolatile solute is lowered to the freezing temperature, only 
crystals of the solvent appear and this is found to occur at a tempera- 
ture below the freezing temperature of the pure solvent. At this lower 
temperature, the vapor pressure of the solvent crystals is equal to the 
solvent vapor pressure of the solution; a condition which can be 
realized only at a temperature lower than the normal freezing tempera- 
ture of the pure solvent. 

Again, the situation is amenable to explanation on the basis of the 
kinetic-molecular theory. Homogeneous distribution of solute mole- 
cules throughout the body of the liquid increases the average distance 
between solvent molecules. The force of attraction betweeji mole- 
cules, which tends to arrange the molecules of the solvent into the 
definite geometric pattern of the crystal, cannot be so elfective over 
this greater average distance. In order for the forces of attraction to 
operate, it is necessary that the kinetic energy of the solvent molecules 
be lessened, since it is the kinetic energy that acts in opposition to the 
forces of attraction or cohesion. The kinetic energy is decreased by 
lowering the temperature below the normal freezing temperature of 
the pure solvent. The extent to which the temperature must be 
lowered is obviously dependent upon the number of solute molecules 
present in the particular solution. 

Again excluding acids, bases, and salts, 1 mole of sugar (342 g.), 1 
mole of glycerol (58 g.), or 1 mole of any other nonvolatile solute dis- 
solved in 1000 g. of water (i?.e., 1 m solutions) will form a solution hav- 
ing a freezing temperature of — 1.86^C., since all these 1 molal solutions 
contain the same number of solute molecules. With other solvents, 
the extent of lowering of the freezing temperature is different, but 
definite. 

A familiar application of this lowering of the freezing temperature 
of liquids is found in the use of antifreeze mixture in automobile 
radiators. Alcohol, glycerol, ethylene glycol, etc., mixed with water 
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produce solutions having freezing temperatures lower than that of 
pure water. 

Freezing Mixtures. Advantage of lowering in freezing tem- 
perature is also taken in the production of low temperatures required 
for a variety of purposes. Salt added to ice at 0®C. dissolves in the 
thin layer of liquid surrounding each piece of solid ice. The resulting 
solution has a vapor pressure less than that of the ice; hence, some 
ice will melt. Of course this melting is accompanied by an absorption 
of heat and if the ice is so insulated that it cannot absorb heat from its 
surroundings the heat is absorbed from the ice itself. Accordingly, 
the temperature of the mixture falls. A mixture of ice and sodium 
chloride will produce a temperature of — 22°C., while ice and crystal- 
line calcium chloride provide temperatures as low as — 56°C. 

10.4. Osmosis 

Another important behavior exhibited by solutions is the phenome- 
non of osmosis. Certain membranes, notably the lining of eggshells, 
fish bladder, parchment paper, or even 
purely inorganic jellies such as copper 
ferrocyaiiide, or copper silicate, are of 
such character that certain kinds ^of 
molecules are capable of passing through 
these membranes, while other kinds of 
molecules cannot. A membrane that is 
permeable by one kind of molecule and 
not by another is called a semipermeable 
membrane. Frequently, it is found that 
such membranes are permeable by sol- 
vent but not permeable by solute mole- 
cules. When a solution of sugar in 
water is enclosed in a bag made of one 
of these membranes, or enclosed in a 
porous earthenware cup the pores of 
which are filled with an inorganic jelly Fig. 46. — Osmotic-pressure cell, 
such as copper ferrocyaiiide (Fig. 46), 

and the bag or cup is immersed in a less concentrated solution of sugar 
or in pure water, it will be observed that water passes into the bag or 
cup. This indicates that there is a net transfer of water molecules 
from the more dilute sugar solution or from the pure water into the 
more concentrated solution enclosed by the semipermeable membrane. 
This means that water molecules move from the region where the con- 
centration of water molecules is greater (the dilute sugar solution or 
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pure water) to the region containing a lower concentration of water 
molecules (the concentrated sugar solution). Water molecules also 
move in the opposite direction but at a lesser rate. The passage of 
solvent through a semipermeable membrane from a region of 
greater solvent concentration into a region of lower solvent 
concentration is called osmosis. 


The semipermeable membrane is free from holes, but it allows 
water and not sugar molecules to pass through it. Such substances 
take up water and swell when in contact with pure water and lose 
water and shrink when put in contact with solutions. 

Osmotic Pressure. In an experiment utilizing an apparatus of 
the type shown in Fig. 46, water will pass from the beaker into the cell. 
This results in an increase in the volume of the sugar solution contained 
within the cell. By submitting the solution in the cell to an increase 
in pressure, this net transfer of solvent molecules may be prevented. 
The pressure that is just sufficient to prevent a net transfer of solvent 
molecules into the solution is termed the osmotic pressure of the solu- 
tion. The magnitude of this pressure is 
proportional to (a) the concentration of 
solute molecules and (6) the absolute 
temperature. For a 1 molal solution 
of sugar, the osmotic pressure at 0'^ 
amounts to approximately 22.4 atm., 
and since the osmotic pressure is propor- 
tional to the absolute temperature, 
the osmotic pressure at 25°C. is 
approximately 

22.4 X = 24.5 atm. 

The mechanism by which osmosis 



□' Sofi^enf molecules 
■ Solute molecules 
Fig. 47. — Diagram illus- 
trating the relative number of 
impacts by solvent molecules 
on either side of a semiperme- 
able membrane. 


occurs may be explained in much the 
same manner as the lowering of the 
vapor pressure. The rate of absorption 
of water by the membrane is propor- 
tional to the number of impacts by water 
molecules per unit of area per unit of 


time. Initially, the number of impacts is greater on the side exposed 


to pure water than on the side exposed to the sugar solution. This is 
true because (1) the concentration of water molecules is greater on that 


side and (2) on the side exposed to the solution, a part of the surface of 


the membrane is covered by sugar molecules (Fig. 47). Consequently, 


the rate of absorption of water is greater on the side exposed to pure 
water and there is a resultant net transfer of solvent into the solution. 
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Water molecules move into the solution in greater number per unit 
time than water molecules move out of the solution. When, however, 
the solution is put under pressure (or pressure is built up hydrostatically 
owing to the increase in the volume of the solution), the concentration 
of water molecules is increased in the solution; the unoccupied space 
between molecules is lessened by compression. If the applied pressure 
is sufficient, the rate of absorption of water molecules on the side of the 
membrane exposed to the solution may be made equal to the rate of 
absorption on the side exposed to pure water. The rates of transfer 
of water molecjules in the two directions will be equal, a condition of 
dynamic equilibrium will exist, and there will be no net transfer of 
solvent molecules. 

Applications of Osmosis. Solutions that exhibit the same 
osmotic pressure would exist in equilibrium when placed on opposite 
sides of a semiperrneable membrane. The term isotonic is usually 
applied to solutions that have the same osmotic pressure. When solu- 
tions are injected into the blood stream either for puiq^oses of medica- 
tion or to replace blood that has been lost, the solution injected and the 
blood must be isotonic. Pure water injected into the blood stream 
in any appreciable quantity will prove fatal since water molecules 
would pass out of the blood stream and into the surrounding tissues 
and even into the corpuscles. Osmosis is of tremendous importance 
in biology, medicine, and other related sciences. The germination of 
seeds, the rise of sap into the branches and leaves of trees, and the nutri- 
tion of botl) plants and animals are only a few of the many common 
occurrences that involve the phenomenon of osmosis. 

Some membranes are permeable not only to solvent molecules but 
also to certain kinds (but not all kinds) of solute molecules. It is 
through this selective action of membranes that the fluid in the stomach 
is acidified. A similar behavior is involved in the extraction of sugar 
from sugar beets. If the sliced beets are placed in a vessel through 
which a steady flow of pure water is maintained, the sugar passes 
through the cell walls of the beet and into the surrounding water while 
the other constituents of the beet are, in the main, not capable of 
permeating the cell wall. The explanation of this phenomenon may 
lie in the difference in size of the solute particles; the membrane may 
be permeable to particles of molecular size and not to particles of 
colloidal size. 

10.5. Determination of Molecular Weights of Liquids and 
Sfdids 

It was indicated in Sec. 7.8 that a knowledge of the properties of 
solutions provides a basis for the experimental measurement of the 
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relative weights of molecules of liquids and solids. The two properties 
most commonly utilized in this connection are the lowering of the 
freezing temperature and the elevation of the boiling temperature. It 
has been emphasized repeatedly that the properties of solutions are 
dependent upon the number of solute molecules present. One mole 
of sugar containing 6.02 X 10^® molecules dissolved in 1000 g. of 
benzene lowers the freezing temperature 5.12° and raises the boiling 
temperature 2.57°. Accordingly, if one measures the extent to wliicii 
the boiling temperature or freezing temperature of a given weight of 
benzene is changed by the presence of a known weight of solute, the 
molecular weight of the solute may be calculated by comparison with 
the known behavior of sugar. Before specific examples are considered, 
it should be pointed out that the substances used here for purposes of 
illustration are chosen at random and that many other solutes and 
solvents could be employed equally well. Further, it should be indi- 
cated that this application requires that the solute dissolve in the sol- 
vent without the occurrence of any chemical change that would afl'ect 
the relative weights of the solute molecules. 

Fifty grams of pure benzene was found to freeze at 5.50°C. The 
addition of 1.5 g. of a pure solute lowered the freezing temperature to 
3.86°C. The presence of 1.5 g. of solute therefore resulted in a lower- 
ing amounting to 5.50 ~ 3.86 — 1.64°. The molec ular weight of this 
solute is that weight which would lower the freezing temperature of 
1000 g. of benzene 5.12° and may be calculated as follows: 

Wt. of solute in 50 g. benzene = 1.5 g. 

Wt. of solute in 1000 g. of benzene = 1.5 X “ 30 g. 

Freezing temperature lowering produced by 30 g. solute in 1000 g. 

benzene = 5.50 — 3,86 = 1.64° 
Freezing temperature lowering produced by 1 gram- 

molecular weight of solute in 1000 g. benzene = 5.12° 

Hence, by simple proportion. 

Mol. wt. of solute: 5.12: : 30: 1.64 

Mol. wt. of solute = 30 X == 93.6 

1.64 

With the boiling temperature elevation method, the 50 g. of pure 
benzene was found to boil at 80.20°C., and the addition of 1.5 g. of 
solute produced a solution that boiled at 81.02°, or an elevation 
amounting to 0.82°C. Given the additional information that the 
presence of 1 gram-molecular weight of the solute in 1000 g. of benzene 
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would result in a boiling temperature elevation amounting to 2.57°, 
one may calculate the molecular weight of the solute. 

Wt. of solute in 50 g. benzene = 1.5 g. 

Wt. of solute in 1000 g. benzene = 1.5 X = 30 g. 

Boiling temperature elevation produced by 30 g. solute in 1000 g. 

benzene = 81.02 - 80.20 = 0.82° 
Boiling temperature elevation produced by 1 gram-molecular 

weight of solute in 1000 g. benzene == 2.57° 

Himce, 

Mol. wt. of solute: 2.57: : 30: 0.82 
Mol. wt. of solute = ” = 94.0 

U.o2 

This value, allowing for experimental errors in either set of data, agrees 
very well with the value of 93.6 obtained by the method involving the 
lowering of the freezing temperature. 

10,6. Solvation 

The regularities observed in the influence of many solutes upon the 
physical properties of pure solvents are not realized if the solute under- 
goes chemic'al change upon being dissolved in a pure solvent. The 
kinds of chemical change that may occur are of several different types. 
The solute molecule may dissociate to form smaller units of matter or it 
may associate either with other solute molecules or with solvent mole- 
cules to form larger units. 

If solute molecules (or atoms, or ions) bec'oine associated with 
molecules of the solvent, they are said to be solvated and this variety 
of chemical reaction is known as solvation. The extent of solvation 
depends upon the nature of the solute, the nature of the solvent, the 
temperature, etc. When commercial “soda ash” [sodium carbonate 
(NagCOs)] is dissolved in water, extensive solvation occurs. Since 
water is the solvent most generally used, solvation by water is given 
the special name, hydration^ and the substance formed by the union of, 
e,g,, Na 2 C ()3 with water molecules is called a hydrate. If a saturated 
solution of Na 2 C 03 in water is cooled or if the solvent is allowed to 
evaporate slowly, the crystals that separate from the solution are 
found to have the composition represented by the formula Na 2 C 03 ” 
IOH 2 O. This does not prove that the Na 2 C 03 may not have been 
associated with more than IOH 2 O in the solution. The number of 
water molecules may have been greater than but probably not less 
than 10. Solvent that actually separates in combination with the 
solute in crystalline form is known as solvent of crystallization; in the 
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above case, water of crystallization. Thus, a distinction is made 
between association in solution and association in the crystal. Other 
examples of salt hydrates are CuS04*5H20, CdCl2*2H20, Ni(N03)2 - 
6H2O, and Fe3(P04)2*8H20. 

Efflorescence. Many salts containing water of crystallization are 
somewhat unstable under ordinary atmospheric conditions. Because 
the crystals contain combined water, the crystal exerts (at any given 
temperature) a definite water vapor pressure. If the water vapor 
pressure of the crystal happens to be greater than the partial pressure 
of water vapor in the atmosphere, the crystal will lose water to the 
surrounding atmosphere. This behavior is known as efflorescence. 
Thus, when Na2CO3*10H2O is exposed to dry air, the hydrate loses 
water of crystallization and is changed to a white powder. When the 
partial pressure of water vapor in the atmospliere is sufficiently great, 
dry salts are frequently capable of taking water from the atmosphere 
(Sec. 10.1). 

Salts which contain water of crystallization and which exert a 
water vapor pressure equal to or greater than that of the surrounding 
atmosphere may be caused to lose water if the vapor pressure is 
increased by the apphcation of heat. Sometimes this loss of water 
by the crystal occurs in a stepwise manner as the temperature is 
increased. For example. 


110 ° 

CuS 04*5H20 -f” heal > CuS 04 -H 20 -f- 4 H 2 O 

230° 

CuS 04 *H 20 4 " heat * CUSO 4 -j- H 2 O 

EXERCISES 

1 . Define the following terms: (a) osmosis, ( 6 ) osmotic pressure, (c) semiperme- 
able membrane, {d) isotonic solutions. 

2. Distinguish clearly between (a) water of hydration and water of crystalliza- 
tion, (b) hydration and solvation, (c) efflorescence and deliquescence. 

3. In ascending a mountain road, the operating temperature of an automobile 
motor did not increase but the water in the radiator boiled as the automobile 
approached the summit of a particularly high mountain. Another identical auto- 
mobile operating at the same motor temperature but containing an antifreeze 
mixture in the radiator reached the top of the same mountain without boiling the 
solution in the radiator, (a) Why did the water boil in the radiator of the first 
automobile? (6) How can one account for the fact that, under the same condi- 
tions, the solution in the radiator of the second automobile did not boil? 

4. An antifreeze mixture A was prepared by dissolving 1 gal. of ordinary alcohol 
(C 2 H 6 O) in 5 gal. of water. Another mixture B was made by dissolving 1 gal. of 
“wood alcohol” (CH 4 O) also in 5 gal. of water. During a cold period, mixture A 
froze and mixture B did not. Explain. 
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5. A solution consisting of 4 g. of a pure solute dissolved in 100 g. of pure water 
was found by experiment to freeze at a temperature of — 0.98°C. Calculate the 
molecular weight of the solute. 

6. Pure carbon tetrachloride boils at 76.80°C. and aim solution of a nonvolatile 
solute in carbon tetrachloride boils at 81.68®. In a molecular weight determina- 
tion, 3,6 g, of a pure solute dissolved in 88.4 g. of pure carbon tetrachloride formed 
a solution which boiled at 80.32®. Calculate the molecular weight of the solute. 

7. An attempt was made to determine the molecular weight of a salt by meas- 
uring the elevation of the boiling temperature of pure water. The molecular weight 
of this salt was already known to be approximately 106. However, the molecular 
weight values obtained by experiment were always much too high. Suggest an 
explanation for these results. 

8. Of two clear liquids, one is known to be a solution and the other the corre- 
sponding j)ure solvent. Without altering the concentration of the solution in 
any way, how could one determine which of the two is the solution? 
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CHAPTER XI 

ACIDS, BASES, AND SALTS; NOMENCLATURE 

The study and practice of chemistry are greatly sirnf)lified if one 
can think in terms of types or kinds of chemical substances and reac- 
tions rather than always in terms of specific cases. For example, therc^ 
are many compounds known as oxides but for most purposes it is not 
necessary that one become familiar with the detailed behavior of each 
such compound. Rather, it is desirable to recognize that oxides may 
be classified according to type and that all oxides of a given type have 
certain properties in common. Thereafter, a detaih^d knowledge of the 
properties of individual oxides may be ac((uired as needed. The initial 
problem involved in the study of those class(\s of compounds known 
as acids, bases, and salts, therefore, is that of becoming acquainted 
with the chemical behavior characteristic of these types of compound. 
In addition, it is necessary that the student acquire a somewhat more 
detailed knowledge of a few common representatives of each class. 

11.1. Acids 

It has already been indicated that acids are compounds contcaining 
hydrogen which may be replaced (at least in part) by certain metals. 
In addition, there are other properties that are exhibited by those 
acids which are soluble in water. In general, water solutions of acids 
have a sour taste and have the ability to bring about changes in the 
colors of certain dyes. When it is brought into the presence of an 
acid, the blue form of the dye known as litmus is changed into a form 
that exhibits a red coloration. It is well to recognize at the outset that 
those properties which are thought of as being characteristic of acids 
are really the properties of water solutions of the compounds called 
acids and not so much the properties of the pure compounds themselves. 

In the following paragraphs, some common acids are considered 
under headings that are related to the elemental complexity of the 
compounds involved. If the molecules of compounds contain two 
kinds of elements, the compounds are classed as binary. Similarly, 
ternary compounds are those consisting of molecules made up of three 
kinds of elements. (The use of the terms binary and ternary is by no 
means restricted to acids.) 
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Binary Acids. The names of four common compounds, their 
formulas, and the names applied to their solutions in water (which 
exhibit acidic properties) are listed in Table 12. 


TABLE 12 

Common Binary Acids 


Compound 

Formula 

Name of water solution 

Hydrogen ehloride 

HCl 

I ly d rochlor ic acid 

Hydrogen bromide 

HBr 

Hydrobromic acid 

Hydrogen iodide 

HI 

Hydriodic acid 

Hydrogen sulfide 1 

H^S 

Hydrosulfuric acid 


When dissolved in water, these compounds form solutions that exhibit 
acidic properties. Thus, pure gaseous hydrogen chloride does not 
exhibit acidic properties, but a water solution of hydrogen chloride is 
known as hydrochloric acid. Binary acids are composed of hydrogen 
and a nonmetal, but it must be borne in mind that not all such com- 
pounds. are acids. 

Ternary Acids. The ternary acids may be formed by the cnni- * 
bination of oxides of nonmetals with water. The following equations 
serve to illustrate the formation of the common ternary acids: 


SO, 


H ,>0 

^ H.,S 04 

Sulfur trioxidt^ 



Sulfuric acid 

SO> 

4 - 

H.O 

— H.SOs 

Sulfur dioxide 



Sulfurous atad 

N2O5 

+ 

H2O 

-> 2HNO3 

Nitrogen pentoxidc 



Nitric acid 

P2O5 

+ 3H2O 

-> 2H3PO4 

Phosphorus pentoxide 



Phosphoric acid 

P 2O3 

+ 3H2O 

2H3PO3 

Phosphorus trioxide 



Phosphorous acid 

0 

0 

4 

H2O 

H2CO3 

Carbon dioxide 



Carbonic acid 


Another common ternary acid is that known as acetic acid (HC2H3O2). 
It is not formed in any manner similar to that given for the other com- 
mon ternary acids and differs from them also in that only one of the 
four hydrogen atoms may be replaced by metals, a fact that is empha- 
sized by the manner in which the formula is written. 

Acid Anhydrides. An inspection of the equations given above 
suggests a clear-cut relationship between certain nonmetal oxides and 
certain acids. For example, SO3 is related to sulfuric acid, and P2O3 is 
related to phosphorous acid in the same sense. Any nonmetal 
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oxide that reacts with water to form an acid is called an acid 
anhydride. Thus, N2O6 is the anhydride of nitric acid, SO2 is the 
anhydride of sulfurous acid, etc. Literally, the term anhydride means 
“without water.” 

11.2. Bases 

Just as hydrogen is the characteristic component of all acids, so 
the hydroxyl radical (OH) is the characteristic component of many 
but not all bases. Bases in water solution have a bitter taste, have a 
“soapy” feel, and produce an irritant effect upon the skin. Solutions 
of bases change the colors of certain dyes, and the color changes pro- 
duced by bases are usually the reverse of the changes produced by 
acidic solutions. Thus, bases change the color of litmus from red to 
blue. There are many bases, however, that do not exhibit these 
properties because of their insolubility in water. In fact, only a few 
of the common bases are appreciably soluble in walcr. 

Hydroxides are ternary compounds some of wliich may be formed 
directly by the union of oxides of metals with water. Still other bases 
such as NH4OH arise by the reaction of other types of compound with 
water. The following equations serve to illustrate the formation of a 
number of common bases which are measurably soluble in water: 


Na20 

+ H,0 

— 2NaOH 

Sodium oxide 


Sodium hydroxide 

K 2 O 

+ H,0 

2KOH 

Potassium oxide 


Potassium hydroxide 

CaO 

+ H2O 

Ca(OH )2 

Calcium oxide 


Calcium hydroxide 

BaO 

+ HjO 

Ba(OH )2 

Barium oxide 


Barium hydroxide 

NHs 

+ H 2 O 

NH4OH 


Ammonia Ammonium hydroxide 

The compound ferric hydroxide [Fe(OH)3] is a typical example of an 
insoluble base. It might be suggested that Fe(OH)3 might be formed 
by the union of iron oxide (Fe203) and water. 

Fe208 -j- 3H2O — > 2F6(0H)3 

When Fe203 is added to water, however, this reaction does not occur 
to any marked extent because the insoluble particles of Fe203 quickly 
become coated with insoluble Fe(OH)3 and this coating effectively 
protects the remaining FesOs from coming into contact with the water 
required for continuation of the reaction. Obviously then, if one 
wished to prepare Fe( 0 H) 8 , it would be necessary to use some less 
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direct method. As a general rule, only the soluble bases may be formed 
in appreciable quantity by the reaction of metal oxides and water. 

Basic Oxides. By comparison with acid anhydrides, it might 
appear that the oxides of the metals could be looked upon as base 
anhydrides. This is seldom done because so few metal oxides actually 
react with water to form the corresponding bases. The metal oxides 
are sometimes called basic oxides, or simply bases. Even though an 
oxide may not react with water to form the corresponding base, the 
oxide and the base may be considered as being related in a purely 
formal way. 

11.3. Neutralization 

If a given volume of a 1 M solution of hydrochloric acid is mixed 
with the same volume of a 1 M solution of sodium hydroxide, the 
resulting solution will have neither the properties of an acid nor the 
properties of a base; it is therefore said to be neutral. If this neutral 
solution is evaporated to dryness, the only solid product remaining will 
be found to be sodium chloride. The equation for the reaction is 

HCI + NaOH H 2 O + NaCI 
Other acids and bases react similarly, e,g,, 

H2SO4 + 2NaOH 2H2O + Na2S04 
2H3PO4 + 3Ca(OH)2 6H2O -f Ca3(P04)2 

In every reaction of this kind, the products are water and a salt, and 
it should be recognized that, whereas the identity of the salt is depend- 
ent upon the acid and base employed, water is produced in every case. 
The formation of water (and a salt) by the interaction of an 
acid and a base is known as neutralization. Even the insoluble 
bases react with acids provided the salt produced is soluble, thus, 

3HCI -h Fe(OH )3 3 H 2 O -h FeCU 

The insoluble oxide Fe208 does not react extensively with water but is 
dissolved readily in acids, probably because the acid neutralizes the 
protective coating of Fe(0H)8 on the surface of the insoluble oxide 
and thus permits further reaction between it and water. 

That the essential reaction involved in neutralization is the forma- 
tion of water may be shown by a study of the energy changes involved. 
Reactions of neutralization are exothermal. If one measures the heat 
evolved in a large number of neutralization reactions between dilute 
solutions of different acids and different bases, in every case the 
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quantity of heat evolved upon formation of 1 mole of water is found to 
be approximately 13,700 cal. This indicates that the heat of reac- 
tion is essentially independent of the nature of the salt produced and is 
related only to the format ion of water from the hydrogen of the acid 
and the hydroxyl radical of the base. 

Titration. The chemist frequently has need to determine the 
volume of one solution required to react with a given volume of another 

solution. This procedure is known 
as tilration, and one is said to tilraie 
the one solution against the other. 
For example, a titration involving 
a neutralization reaction may be 
carried out as follows: A known 
volume of a solution of a base is 
placed in a beaker and to this solution 
is added a few drops of a solution of 
litmus. If a solution of an a(;id is 
added from a burette (Fig. 48), the 
base will be neutralized by the acid 
but the color of the solution will 
remain blue as long as any of the base 
remains. Finally, when all of the 
base has been neutralized and a very 
slight excess of acid has been added, 
the color of the solution will change 
from blue to red. Because the color 
change is used to denote the end of 
the neutralization reaction, the dye is 
called an indicator and the occurrence 
of the color change is referred to as 
the end point of the titration. When 
one knows the concentration of the 
acid solution and the volume of acid 
solution required to neutralize a given volume of the base, the weight 
of base neutralized and the weights of water and salt formed in the 
reaction may be calculated. 



11.4. Salts 

The formation of salts has been shown to result from (1) reactions 
between metals and acids, (2) reactions between metals and bases, and 
(3) reactions between acids and bases. Salts constitute one of the 
most common and useful classes of chemical substances. Other 
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methods by means of which the formation of salts may be accomplished 
are (4) reactions between acid anhydrides and basic oxides, e.g,, 

CO 2 ~l~ CaO — ^ CaCOs 

(5) reactions between salts and acids, e,g,, 

2NaBr -f H2SO4 2HBr + Na2S04 

and (6) reactions between salts. This latter method is one of great 
importance and will be studied in more detail as the need for this 
information arises. The following is a typical example: 

CaCl2 + Na2S04 CaS04 + 2NaCI 

Here it is seen that two salts react to form two other salts. 

Thus far, definitions of the terms acid, base, and salt have not been 
formulated. To define these terms (and for that matter the term 
neutralization as well) in a most satisfactory manner requires more 
information concerning the condition in which acids, bases, and salts 
exist in solution. The study of the theory of ionization (Chap. XVII) 
will provide the necessary information. In the meantime, tlje student 
should think of these classes of compounds in terms of their properties, 
their mode of formation, and in relation to reactions in which these 
substances participate. 


NOMENCLATURE 

Unfortunately the names assigned to chemical compounds often 
fail to conform to any consistent scheme of nomenclature. All too 
frequently, common or wholly trivial names, lacking in chemical sig- 
nificance, are employed. Ideally, the name of a compound should 
convey the information required to write the formula. The nomen- 
clature of acids, bases, and salts is fairly consistent but the exceptions 
to the general rules of nomenclature are numerous. 

11.5. Nomenclature of Binary Compounds 

In general, the names of binary compounds (other than binary 
acids) are constructed from the names of the two elements involved. 
Since the symbol for the more metallic of the two elements is ordinarily 
written first in the formula, the name of that element logically is used 
as the first part of the name of the compound. The second part of the 
name of the compound consists of the stem of the name of the less 
metallic element together with the suffix, 4de. Thus, the compound 
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CaO has the systematic name calcium oxide [i.e., calcium + (oxygen 
~ ygen + ide)]. Similarly, the compound PbCh is called lead chlor- 
ide [i.e.y lead + (chlorine — ine + ide)]. 

In devising names for compounds of the nonmetals (and to some 
extent those of the metals as well) it often becomes necessary to indi- 
cate in the name of the compound the number of atoms of at least one 
variety of element present in the molecule. This may be done con- 
veniently by the use of suitable prefixes. For example, the name car- 
bon oxide is itself inadequate since it might refer equally well to CO or 
CO 2 . Consequently, the names carbon monoxide and carbon dioxide, 
respectively, are employed. Similarly, the compounds PCI3 and PCU 
are called phosphorous trichloride and phosphorous pcntachloride, 
respectively. 

Particularly among binary compounds of the metals (and less fre- 
quently in the cases of certain compounds of the nonmetals) the 
names are so written as to indicate the valence state of the more metal- 
lic of the two elements. Such a scheme becomes necessary where two 
elements form more than one compound. For example, consider the 
case of the two compounds IIg20 and HgO. In such cases, the names 
are formed by appending to the name of the more metallic element the 
suffix -ous in the case of the compound in which the more metallic 
element exhibits the lower valence and, to indicate the higher valence, 
the suffix -ic is appended similarly. Thus, Hg20 is called mercurous 
oxide and HgO is named mercuric oxide. Similarly, FeCh and FeCh 
are called ferrous chloride and ferric chloride, respectively. 

It is indeed unfortunate that, in the past, chemists have not 
expended greater effort in the direction of systematization of nomen- 
clature. There are very many exceptions to the foregoing rules. 
For example, the compound ammonia is almost always represented by 
an incorrectly written formula and an unsystematic name. Chemists, 
by habit, write the formula NH3 and use the trivial name ammonia, 
whereas the formula should be written PsN and the systematic name 
trihydrogen nitride should be employed. 

11. 6. Nomenclature of Bases 

The naming of bases is a relatively simple matter. The name of a 
base is formed from the name of the metal (or the radical in the case 
of a base such as NH4OH) together with the term hydroxide. Thus, 
NaOH is sodium hydroxide, Cu(OH )2 is copper hydroxide, NH4OH is 
ammonium hydroxide, etc. It is unfortunate that the names of 
these ternary compounds end in -ide, a suffix which otherwise is used 
only in the names of binary compounds. 
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11.7. Nomenclature of Acids 

The scheme generally followed in naming acids is somewhat more 
involved and requires that distinction be made between binary and 
ternary acids. 

Binary Acids. The names of binary acids consist of the prefix 
hydro-, all or part of the name of the nonmetal, and the suffix -ic. 
For example, the binary acid containing bromine (HBr) is hydro- 
bromic acid (hydro + brom + ic) ; that containing sulfur (H 2 S) is 
hydrosulfuric acid (hydro + sulfur + ic). The names for the other 
binary acids are derived similarly. 

Ternary Acids. The naming of these acids is complicated by the 
fact that one nonmetal may be the key element in more than one 
ternary acid. In such cases, the name of the most common acid is 
formed from all or part of the name of the nonmetal together with 
suffix -ic (but without the prefix hydro-, which is used only in the 
names of binary acids). Common examples are 


and 


H2SO4, sulfuric acid (sulfur + ic) 
HCIO3, chloric acid (chlor + ic) 

HNO3, nitric acid (nitr + ic) 


Should there be corresponding acids containing one less atom of oxygen, 
the names are formed in the same manner but employ the suffix -ous 
ill place of -ic, thus, 


and 


H2SO3, sulfurous acid (sulfur + ous) 
HCIO2, chlorous acid (chlor + ous) 

HNO 2 , nitrous acid (nitr + ous) 


This scheme is adequate unless still more acids containing the key 
element are known. In addition to HCIO3 and HCIO2, the acids having 
the formulas HCIO and HCIO4 also are known. It will be noted that 
HCIO4 contains 1 atom of oxygen more than the acid having a name 
ending in -ic. Accordingly, this is designated by appending the pre- 
fix per-, and the name of HCIO4 becomes perchloric acid (per + chlor 
+ ic). Similarly, the acid HCIO contains 1 atom of oxygen less than 
does that having the name ending in -ous, and this information is 
incorporated in the name by using the prefix hypo-. Hence, the name 
is hypochlorous acid (hypo + chlor + ous). 
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11.8. Nomenclature of Salts 

Salts are named in relation to the acids from which they may be 
derived. The names of binary salts consist of the name of the metal, 
the stem of the name of the nonmetal other than oxygen, and the 
suffix 4de (Sec. 11.5). On this basis, NaBr is called sodium bromide; 
AIF3 is aluminum fluoride; CdS is cadmium sulfide, etc. 

Ternary salts are assigned names which incorporate the name of 
the metal and which otherwise conform to the following rules: (1) If 
the name of the parent acid ends in -ic, the name of the salt must end 
with the suffix -ate, (2) If the name of the acid ends in -ous, the nanu^ 
of the salt must end with the suffix -He. (3) If the name of the parent 
acid ends in -ic or -ous and involves a prefix such as per- or hypo-, the 
prefix is retained in the name of the salt. The application of these 
rules to the naming of the sodium salts derived from the four ternary 
acids of chlorine is shown in Table 13. 


TABLE 13 

Nomenclature of Salts 


Acid 

Salt 

Formula 

Name 

Formula 

Name 

HGIO 

Hypochlorous acid 

NaClO 

Sodium hypochlorite 

HCIO 2 

Chlorous acid 

NaClOs 

Sodium chlorite 

HCIO 3 

Chloric^ acid 

NaClOa 

Sodium chlorate 

ITCIO 4 

Perchloric acid 

NaC104 

Sodium perchlorate 


Another practice commonly encountered in the naming of salts 
is the use of the prefix bi-; e.g., sodium bicarbonate (NaHCOa). 
This prefix should not be used at all in the names of inorganic salts of 
the type represented by NallCOs, and a means of avoiding its use will 
be given elsewhere (Sec. 17.9). 

11.9. An Improved System of Nomenclature 

The need for a better system of naming inorganic compounds has 
long been recognized. This need was met in part in 1940 when a com- 
mittee representing the chemists of several different countries recom- 
mended an improved system for the nomenclature of both simple and 
complex inorganic compounds. Since these rather extensive recom- 
mendations were made, there has been increasing evidence of general 
adoption and use of these particular rules. 
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Since a comprehensive discussion of the general problem of nomen- 
clature is beyond the scope of this book, the present discussion will be 
limited to the new scheme for the naming of simple binary and ternary 
compounds. 

Certain types of simple binary compounds are named in a manner 
such that the number of each kind of atom in the molecule is desig- 
nated by Greek numerical prefixes in all cases except that in which the 
number is one. The names given below for the oxides of nitrogen 
serve to illustrate the method and show that the formula may be writ- 
ten directly on the basis of the systematic name. 


Name Formula 

Dinilrogen oxide N2O 

Nitrogen oxide NO 

Dinitrogen trioxide N2O3 

Nitrogen dioxide NO2 

Dinitrogen tetroxide N2O4 

Dinitrogen pentoxide N2O6 


Other simple binary compounds may be named similarly, and many 
of the names already in use conform to this system, e.g., carbon 
monoxide, carbon dioxide, iron disulfide, elc. Ternary compounds 
may be named similarly, provided they are composed of one element 
and a radical having an established name. 

. Certain other types of binary, ternary, and quaternary compounds 
are given names that include designations of valem^e wherever neces- 
sary, LC., elements that exhibit more Ilian one valence. The valence 
is shown by Roman numerals placed in parentheses immediately fol- 
lowing the name of the element in question. The accompanying 
formulas and the corresponding systematic names will serve as 
illustrations. 


Formula 

FeO 

Fe203 

Fe304* 

CrCL 
Hg(N03)2 
Pb(C2H302)4 
* This formula may also be writt45u 


Name 
Iron (II) oxide 
Iron (III) oxide 
Iron (II, III) oxide 
Chromium (III) chloride 
Mercury (II) nitrate 
Lead (lY) acetate 

FeO*Fe203. 


It is not necessary to designate the valence of elements that seldom 
exhibit more than one valence, e.g,, Al, Zn, Ca, Na, K, etc. 

It will be noted that the foregoing examples do not involve the use 
of suffixes such as -ous and -ic. According to this system of nomencla- 
ture, these and similar suffixes are not used except in the naming of 
acids. 
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In the remainder of this book, only infrequent reference will be 
made to this system of nomenclature. However, it is felt that the stu- 
dent should be aware of the fact that inorganic nomenclature is 
presently undergoing a transition to more systematic practices. This 
is particularly important for those students who expect to continue 
with the study of chemistry. 

11.10, Quantitative Aspects of Neutralization 

One liter of 1 M (or 1 m) hydrochloric acid solution will neutralize 
1 liter of 1 M (or 1 m) sodium hydroxide solution because the two 
solutions contain solutes (HCl and NaOH, respectively) in the quanti- 
ties required by the following equation : 

HCl + NaOH H2O + NaCI 
.36.5 g. 40 g. 

That is, the neutralization reaction is not a reaction of the solution as 
such, but rather is one that depends upon the identity and properties 
of the solutes. Reactions of neutralization occur in relation to the H 
and OH content of the acidic and basic solutions, respectively. Accord- 
ingly, molar and molal solutiorts are not convenient standard solutions 
for use in reactions of neutralization. For example, 1 liter of a 1 M 
solution of H2SO4 contains 2.016 g. of replaceable H and can therefore 
neutralize 2 liters of 1 M sodium hydroxide solution, each liter of which 
contains 17.008 g. of OH, since 

H + OH H2O 

1.008 g. 17.008 g. 18.016 g. 

This situation suggests a need for a kind of standard solution which is 
related directly to the particular chemical individuals involved in the 
fundamental chemical changes in which these solutions are to be 
employed. Normal solutions are defined, prepared, and used in 
accordance with this point of view. 

Normal Solutions of Acids. A normal solution of an acid is 
one that contains 1 gram atom of replaceable hydrogen (1.008 g.) per 
liter of solution. On this basis, a specified volume of a 1 solution of 
any acid will contain the same weight of replaceable hydrogen as the 
same volume of 1 solution of any-other acid. This relation may be 
clarified by consideration of the following examples. Suppose that it 
is desired to prepare 1 liter of 1 N solution of each of the acids, HCl, 
H2S64, and H3PO4. The weight of solute required in each case is 
(a) HCl: Mol. wt. =* 36.465 g., of which 1.008 g. is hydrogen. 
Consequently, 36.465 g. of HCl dissolved im enough water to make 1 
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liter of solution will provide a solution containing the exact weight 
of replaceable H required by the definition of a normal solution of an 
acid. 

(6) H2SO4: Mol. wt. = 98.076 g. containing 2.016 g. of replaceable 
hydrogen. If 98.076 g. of H2SO4 were dissolved in enough water to 
make 1 liter of solution, the resulting solution would be 2 since it 
would contain 2 gram atoms of replaceable hydrogen. Accordingly, 
98.076 2 = 49.038 g. of H2SO4 is the required weight of solute per 

liter of 1 N solution of sulfuric acid. 

(c) H3PO4: Mol. wt. = 98.044 g. Since 1 gram-molecular weight 
of H3PO4 contains 3 gram atoms of replaceable hydrogen, the weight 
of H3PO4 required to prepare 1 liter of 1 phosphoric acid solution is 
98.044 3 = 32.682 g. 

Normal Solutions of Bases. A normal solution of a base is one 
that contains 17.008 g. of available hydroxyl (OH) per liter of solution. 
In terms of this definition, the weights of potassium hydroxide and 
barium hydroxide required to prepare one liter of 1 A^ solutions are 

(a) KOH: Mol. wl. = 56.104 g. Of this weight, 17.008 g. are con- 
tributed by the one OH radical. Hence, 56.104 g. of KOH dissolved 
in enough water to make 1 liter of solution will provide a 1 A^ solution 
of potassium hydroxide. 

(b) Ba (011)2: Mol. wt. = 171.376 g., containing a total of 2 X 17.008 

g. of OH. Hence, 171.376 2 = 85.688 g. is the weight of Ba(OH)2 

required to prejjare 1 liter of 1 A^ barium hydroxide solution.^ 

Equivalence of Normal Solutions of Acids and Bases. By 
virtue of the manner in which these solutions are prepared, any given 
volume of any 1 N acid solution is chemically equivalent to the same 
volume of any 1 N solution of a base. For example, 50 ml. of a 1 A^ 
solution of any acid contains just exactly the quantity of H required to 
neutralize the weight of OH contained in 50 ml. of a 1 TV solution of 
any base. If the acid solution is 2 TV, then 50 ml. of 2 TV acid will 
neutralize 100 ml. of 1 TV base. A little reflection will serve to show 
the correctness of the following relationship: 

TV (acid) X F Caoid) TV (bane) X F (base) 

where TV and F represent normality and volume, respectively. 

Normal Solutions of Salts. Although in common use, normal 
solutions of salts are relatively less important than normal solutions of 
acids and bases and, for this reason, will not be considered in detail 

^ In fact, barium hydroxide is not sufficiently soluble in water to permit the 
preparation of a 1 TV solution of this base. However, solutions of lower normality 
(up to about 0.4 N) are possible and are used extensively. 
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here. Normal solutions of salts are prepared in relation to the particu- 
lar constituent (atom or radical) which is to be involved in the reac- 
tions in which the salt solution is to participate. 

Preparation of Normal Solutions. Since solutions that are 1 N 
are usually too concentrated for most purposes, it is more suitable to 
prepare 0.5 N, 0.1 N, 0.01 TV or solutions of any convenient normality. 
In order to illustrate the procedure involved in the preparation of a 
given volume of a solution of some specified normality, suppose that 
one requires 700 ml. of 0.2 iV sulfuric acid solution. The first problem 
is that of calculating the weight of pure hydrogen sulfate required. 

1 liter of 1 sulfuric acid solution requires 98.076/2 = 49.038 g. 
H2SO4 

1 liter of 0.2 TV sulfuric acid solution requires 49.038 X 0.2 ~ 9.8076 g. 

H2SO4 

700 ml, of 0.2 TV sulfuric acid solution requires 9.8076 X = 

6.8653 g. H2SO4 

Next, one would weigh out exactly 6.8653 g. of pure H2SO4, dissolve it 
in water contained in a flask of suitable size, then add just enough 
water to make a total volume of exactly 700 ml. of solution. 

EXERCISES 

1. Define the following terms: (a) acid anhydride, (b) neutralization, (c) 
titration, (d) indicator, (e) end point. 

2. What is the formula of the anhydride of chromic acid (lf 2 Cr 04 ), of arsenic 
acid (H 3 ASO 4 ), of perchloric acid? 

3. Show by means of an equation that chlorine dioxide (GIO 2 ) is at the same 
time the anhydride of both chlorous and chloric acids. 

4. Write equations to represent the reactions that occur between the following : 

(a) Calcium hydroxide and sulfuric acid 

(b) Bismuth hydroxide and hydrochloric acid 

(c) Magnesium hydroxide and acetic acid 

(d) Lead hydroxide and phosphoric acid 

(e) Zinc hydroxide and hydrobromic acid 
(/) Potassium hydroxide and hydriodic acid 
(ff) Barium hydroxide and chloric acid 

5. Write systematic names for each of the following simple binary compounds; 

(a) SCI 2 (d) Pb02 

(b) P 2 OB (e) Na2S4 

(c) SiBr4 (/) AS 2 O 8 

6. Of the following known oxides of nitrogen, N 2 O is commonly called nitrous 
oxide and NO is known as nitric oxide. Assuming, however, that the suffixes -ou5 
and -tc are not to be used at all, assign suitable systematic names for the following: 
N 2 O, NO, NO 2 , NOa, NjOs, NaOfi. 




ACIDS, BASES, AND SALTS 


t39 


7. From the following names, write the corresponding formulas: 

(a) Dipotassium tetroxide 

(b) Stannous iodide 

(c) Plumbous oxide . 

(d) Mercuric sulfide 

(e) Silicon dioxide 


8. Write systematic names for each of the following salts: 


BiBra 

Na2804 

Zn(Cl(33)2 

KCIO 2 


Al2(S04)3 

Cu(N02)2 

Pels 

Ca(C10)2 


AgC104 

Cd3(P04)2 

Mn(N03)2 

Sn(P03)2 


9. From the following systematic names, write the formulas for the following 
salts: 


Nickel sulfate 
Barium chlorite 
Lead acetate 
Sodium phosphite 


Strontium fluoride 
M agnesiuni perchlorat e 
Zinc j)hosphate 
Silver h yj)Ochlorite 


10. What is the normality of (a) 1 M sulfuric acid solution, {h) 0.5 M sodium 
hydroxide solution, (r) 2 M phosphoric acid solution.^ 

11. Find the weight of solute required to prepart^ the following solutions: 

(а) 2 liters of 0.1 phosphoric acid solution 

(б) 500 ml. of 4 N potassium hydroxide solution 

(c) 200 ml. of 0.06 N perchloric acid solution 

(d) 8 liters of 0.8 A" hydrobromic acid solution 

12. Find the weight of solute contained in each of the following solutions: 

(а) I liter of 0.2 N hypochlorous acid solution 

(б) 16 liters of 0.003 N ammonium hydroxide solution 

(c) 50 ml. of 6 A sulfuric acid solution 

(d) 1 ml. of 0.75 A hydriodic acid solution 

13. In a titration, 26 ml. of 0.4 A sulfuric acid solution was required exactly to 
neutralize 38 ml. of a barium hydroxide solution. 

(а) Calculate the weight of Ba(OH )2 contained in the 38 ml. of barium 
hydroxide solution. 

(б) Using only the weight of solute (calculated above) and the volume of 
38 ml., calculate the normality of the barium hydroxide solution. 

(c) Calculate the norniidity of the barium hydroxide solution using the 
relationship given in Sec. 11.10. 

14. What volume of 0.001 A hydrosulfuric acid solution would be equiv alent 
to 0.66 ml. of 0.024 A hydrobromic acid solution? 

15. What volume of water must be added to 112 ml. of 0.18 A hydrochloric 
acid solution in order to lower the normality to 0.0075? 

16. A lump of solid pure calcium oxide was placed in water and neutralized by 
the addition of 60 ml. of 2.4 A hydrochloric acid solution. Without the use of any 
t ypical calculations based upon chemical equations, calculate the weight of the 
lump of calcium oxide. 
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CHAPTER XII 

REVERSIBLE REACTIONS AND CHEMICAL EQUILIBRIUM 


The idea of two processes oc^curring simultaneously but in opposite 
directions is not a new one. Such related processes have been seen to 
be involved when a volatile liquid such as water is in contact with 
water vapor in a closed vessel (Sec. 6.5), 

H20(iiQuid) ^ H20(vapor) 

while, at the same time, 

H 20 (vapor) ^ H 20 Qiquid) 


Similarly, when a saturated solution of sugar exists in contact with 
undissolved solute (Sec. 9.4), 


and 


Ci2H220iiC«olid) C12H22O1] (dissolved) 


C12H22O1 1 (dissolved) Ci 2 H 220 ii(soUd) 


These processes may be represented each by a single expression, 

H 20 (liqiiid) H 20 (vapor) 

Ci2H220ii(8olid) ^ C12H22O11 (dlHBolved^ 


Here the double arrows simply indicate that the conversion of liquid 
water to water vapor and the change from solid sugar to dissolved 
sugar are reversible processes. Although these two examples are con- 
cerned entirely with physical changes, they suggest that similar situa- 
tions may be anticipated among chemical transformations. 


12.1. Reversible Reactions 

In Sec. 3.3, the formation of water was represented by the equation, 
2F?2 4“ O 2 2 H 2 O 

In Secs. 4.1 and 8.5, the decomposition of water was given as a method 
for the preparation of oxygen and hydrogen, respectively. 

2 H 2 O — ^ 2 FT 2 H“ O 2 


These two equations may be combined into a single expression, 

2fl2 "f ^2 ^ 2 H 2 O 
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which provides the information that the union of hydrogen and oxygen 
is a reversible chemical reaction and that the formation and decompo- 
sition of water may occur at the same time. If the rate of formation 
of water is the same as the rate of decomposition, the two chemical 
reactions exhibit that balance of opposing tendencies which is known 
as a state of dynamic equilibrium. 

Another example of a reversible reaction has been encountered pre- 
viously. The formation of hydrogen by the reaction, 

3Fe “h 4 H 2 O — ^ Fe 304 4Fl2 

and the “reduction” of magnetic oxide of iron by means of hydrogen, 

Fe ,04 -h 4 H 2 3Fe -f- 4^75 

are also seen to constitute a reversible system which may be repre- 
sented by the single equation, 

3Fe -|“ 4 H 2 O ^ Fe 304 -f- 4Fl2 

A reversible chemical reac^tion is one that is capable of proceeding in 
either of two directions. In referring to systems of this sort, the 
chemist speaks of the reaction represented by the arrow pointing 
toward the right as “ the forward reaction,” and that represented by the 
arrow pointing toward the left as “the reverse reaction.” 

Most cliemical reactions are reversible. There are, however, many 
reactions that can hardly be thought of properly as reversible processes. 
It would be difficult indeed, if not impossible, to find experimental con- 
ditions that would make possible the complete reversal of the processes 
involved in the burning of a fuel such as coal, the decomposition of 
sugar by means of heat, the digestion of foodstuffs of complex compo- 
sition, etc. It is wholly conceivable that all chemical changes are 
reversible and that the chemist’s inability to bring about the reversal 
of some of these complex reactions is only the result of inadequate 
knowledge. 

12.2. Rates of Reaction 

The study of reversible reactions that reach a condition of equilib- 
rium is largely concerned with the investigation of the comparative 
rates of two opposing reactions. With reference to chemical changes, 
the use of the terra rate (or velocity, or speed) has to do with the 
quantity of material undergoing chemical transformation in unit time. 
The production of crude petroleum is expressed in terms of barrels per 
day. In an entirely analogous manner, the chemist speaks of the 
decomposition of potassium chlorate as proceeding at a rate of 0.1 g. 
per sec., or 1 mole per hr., etc. 
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12.3. Approach to a Condition of Dynamic Equilibrium 

Before proceeding to any detailed study of specific cases, it is 
helpful to attempt to visualize the sequence of events leading to the 
establishment of a state of dynamic equilibrium. This may be done 
in a general way without reference to any particular reaction, and the 
resulting mental picture is equally applicable to both physical and 
chemical equilibria. 

Suppose that two substances, A and B, react to form two other 
substances, C and Z>, and that the reaction is reversible. 

A +B^C + D 

If 1 mole of A and 1 mole of B are brought together, the forward 
reaction is the only one that can oc^cur initially be(;ause some of C and 
D must be formed before the reverse reaction (’an occur at all. Ini- 
tially, the rate of rea(;tion between molecules of A and B is rapid 
because there are many of these molecules present and they collide 
(and react) frequently. However, as the available molecules of A and 
B are used up, the frequency of collision decreases and the rate of the 
forward reaction becomes slower and slower. In the meantime, the 
available number of molecules of C and D has been increasing steadily, 
and this in turn permits the rate of the reverse reaction to increase in 
proportion. So, while the rate of the forward reaction steadily 
decreases, the rate of the reverse reaction steadily increases. Finally, 
the rates of the two opposing reactions become equal, and the two 
reactions continue to occur without any further net gain in either 
direction. The reactions have then arrived at a condition of dynamic 
equilibrium. 

12.4. Completion of Reactions 

In their practical applications either for small-scale laboratory use 
or in commercial use, reactions are usually carried out for the purpose 
of producing some desired product or combination of products. 
Advantage is taken of the union of nitrogen and hydrogen in the syn- 
thesis of ammonia, 

N 2 4- 3 IT 2 ^ 2 N H 3 

but, as is indicated by the equation, the reaction is reversible and 
reaches a condition of equilibrium. In this or in any similar case, the 
problem faced by the chemist is that of determining how much of the 
desired product can be formed before equilibrium is established. In 
other words, it is desired to cause one reaction to proceed as nearly as 
possible to completion. 
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Reactions that otherwise would come to a state of equilibrium may 
be caused to go to completion by removing one of the products of the 
reaction. The production of iron on an industrial scale may be repre- 
sented by the reversible reaction, 

Fe 304 + 4CD 3Fe + 4C?32 


If this reaction is carried out in an apparatus of the type shown in Fig. 
49, the forward reaction may be caused to go to completion. The CO 2 



Fig. 49." — Conditions leading to completion of the reaction: 
F03O4 + 4UO 3Fe -f 4CU2. 


which is formed in the forward reac^tion is removed and is of course 
unable to come into contact with the t'e and thereby participate in the 
reverse reaction. By this arrangement the reverse reaction is elimi- 
nated by keeping apart those reactants which are necessary for the 
occurrence of the reverse reaction. If, on the other hand, it was 
necessary for some reason to carry out this reaction in a closed vessel 
(Fig. 50), a state of equilibrium could not be avoided. Under these 
conditions, net gain in the direction of the formation of iron can be 
realized only until the two reactions reach equilibrium unless ways can 
be found to influence the rate of the forward reaction at the expense 
of the reverse reaction. 



Fig. 50, — Conditions leading to establishment of the equilibrium; 

F03O4 -f- 4CO SFo 4C02» 

Factors That Influence Reactions in Equilibrium. For- 
tunately, it is possible to exercise some control over reactions in 
equilibrium. The two reactions involved do not always respond in 
the same manner to changes in experimental conditions. It is often 
found, for example, that the forward reaction is favored by an increase 
in temperature more than is the reverse reaction. This change must 
therefore hinder the reverse reaction. Whatever may be accomplished 
in terms of net gain in one direction must of necessity come at the 
expense of net change in the opposite direction. Because the essential 
problem is one of relative rates of reaction, the factors that affect sys- 



Sec. 12.5] REVERSIBLE REACTIONS AND CHEMICAL EQUILIBRIUM 145 


terns in equilibrium are the same as have already been indicated as hav- 
ing a bearing upon the! rates of any reactions, viz,, concentration, 
temperature, and catalysis. 

12.5. Methods of Expressing Concentration 

From the point of view of the kinetic-molecular theory, the occur- 
rence of a chemical reaction depends upon collisions between molecules 
of the reacting substances. The total weicfht of a given reactant is 
therefore less important than is the total number of available molecules. 
Although it is not convenient to deal with figures representing the 
actual number of molecules contained in any chosen unit of volume, 
the same purpose is accomplished by expnissing concentration in terms 
of gram-molecular weights (or moles) since a rnoie of any substance 
represents a definite number of molecules (6.02 X 10-'^ molecules). 

Suppose, for example, that 22 g. of hydrogen gas are placed in a 
1 -liter flask and that 22 g. of oxygen are contained in another 1 -liter 
flask. In terms of weight per unit volume, the concentrations of 
hydrogen and oxygen (denoted by Ch, and Co,, respectively) are 

Ch 2 = 22 g. per 1000 ml. 

= 0.022 g. per ml. 

Coj = 22 g. per 1000 ml. 

= 0.022 g. per ml. 

In terms of molecular concentration, denoted by [H 2 ] and [O 2 ], respec- 
tively, the concentrations of hydrogen and oxygen are 

22 2.016 

lOOT” 

0.1091 mole per ml. 

22 32 

1000 

0.0007 mole per ml. 

Thus, it is apparent that the number of moles per unit of volume is 
markedly diflerent in the two cases even though the weight per unit of 
volume is the same. Whenever concentrations are expressed by 
symbols or formulas enclosed by brackets, molecular concentrations 
are indicated. An expression such as [H 2 ] is read “the molecular con- 
centration of hydrogen.” 

Concentration of Solids. For reactions concerned only with 
gases, it is easy to see why it might be advantageous to speak in terras 
of molecular concentration. In a mixture of gases, the molecules can 
move about and come into contact with molecules of the other reac- 


[H2] = 

[O 2 ] = 
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taut, i,e,, the molecules of a gas are all readily available for reaction, 
and the number of molecules present per unh of volume governs the 
probability of reaction. With solids, however, the situation is vastly 
different. Reaction can occur only at the surface of solids, i.e., only 
where the molecules of the solid are exposed (available). If a solid 
lump of sulfur is allowed to react with oxygen gas to form sulfur 
dioxide, 

D2 + S SO2 

reaction can oc^uir only on the exposed surface of the lump of solid 
sulfur. Initially, the sulfur is present at a definite conc^entration 
expressed either as grams per unit of volume or gram atoms per unit 
of volume. As tlie reaction pro(‘eeds, tlie size of the lump of sulfur 
decreases; both the total weight of sulfur and the total volume o(‘cupied 
by solid sulfur diminish, but the quantity of sulfur per unit of volume 
remains the same. For this reason, the concentration of a solid sub- 
stance may be said to remain constant. 

12.6. Law of Mass Action 

The manner in which the rates of reacjtions are influeiKxd by con- 
centration is describ(?d by the law of mass action, wliic h may be staled 
as follows: The rale of a chemical reaction is directly propor- 
tional to the molecular concentration of each of the reactants. 
Consider the reaction, 

R> 4 - CI2 2 T=TCT 

If 500 molecules of hydrogen and 500 molecules of chlorine are brought 
together at a suitable temperature in a closed container, the formation 
of HCl will occur and an equilibrium will be established. At equilib- 
rium, the [Ho] and [Cb] will have definite values in moles per liter. 
If now the [Ho] is increased by placing in the flask an additional 100 
molecules of H 2 , the chance that any given chlorine molecule will collide 
with a hydrogen molecule will certainly be enhanced. As a result of 
this change (increase) in the molecular concentration of hydrogen, 
more HCl will be formed, less CI 2 will be present, and in time a new 
equilibrium will become established. At this new set of equilibrium 
conditions, however, more HCl will have been produced than was 
formed at the time the original equilibrium was established. Thus, it 
may be said that by increasing the molecular concentration of one of 
the reactants, the original equilibrium mixture was replaced by a new 
equilibrium mixture containing more hydrogen chloride and less chlo- 
rine. Similarly, by decreasing the molecular concentration of either 
of the reactants, the original equilibrium mixture could have been 
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replaced by one containing less hydrogen chloride. If one wished to 
produce H(d commercially by this reaction and if H2 were cheap and 
CI2 expensive, it certainly would be profitable to use an excess ofH2 
in order to get the maximum possible quantity of HCl from a given 
quantity of CI2. 

12.7. Influence of Pressure upon Equilibria Involving Gases 

An increase in the pressure exerted upon a confined gas causes the 
molecules to occupy a smaller total volume and hence is equivalent to 
an increase in molecular concentration (Le., more molecules per unit 
volume). Aside from this effect, another factor that must also be con- 
sidered is the volume relationshijis between the gases which react and 
those which are formed in the reaction. In the synthesis of ammonia 
from nitrogen and hydrogen, 

N2 h 3H2 ^ 2 NR 3 
1 vol. + 3 vol. = 2 Yol. 

it is stien that the nitrogen and hydrogen together occupy a total of 
four volumes whem uncornbined, but occupy only two volumes when 
combined in the form of ammonia. If the four volumes of nitrogen 
and hydrogen are subjected to an increase in pressure, the gases must 
occupy a smalliT volume. By combining to form ammonia, the two 
gases are responding chemically to produce the natural physi(;al result 
of (compression, viz., a smalkn* total volume. Thus, the equilibrium 
mixture now ('oji tains more ammonia '{and less hydrogen and nit rogen) 
owing to the increase; in pressure, a fact that is utilized to advantage 
in the commercial productiem of ammonia by this reaction. 

12.8. Influence of Temperature upon Reactions in Equilibrium 

If one of two reacctions in equilibrium is exothermal, the other must 
be endotherinal to the same extent. Again using the syntln^sis of 
ammonia as an example, 

Nz ■}“ 3Fl2 ^ 2 NH 3 4" 24,500 

the forward reaction is seen to be exothermal. As a result, the forma- 
tion of NII3 may be made more (complete by removing the heat (one 
of the products of the forward reaction) produced. If heat is supplied 
from the outside, the reverse reaction is favored since it is the one in 
which heat is absorbed. To obtain the best yield of ammonia, this 
reaction should therefore be carried out at a suitably low temperature. 
The manner in which a given system in equilibrium will respond to a 
change in temperature cannot be predicted without some knowledge of 
the particular reactions involved. Once this information has been 
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obtained by experiment, the temperature can be adjusted so that tlie 
response will result in an equilibrium mixture of the desired composition. 

12.9. Influence of Catalysts upon Reactions in Equilibrium 

A catalyst can influence an equilibrium only in the sense that the 
catalyst may increase the speed at which equilibrium may be attained, 
or permit an equilibrium to be established at a lower temperature 
without decreasing the rate. Considerable saving may be realized by 
causing equilibrium to become establisheid more quickly and at a 
lower temperature than would be possible in the absence of a catalyst. 
Not only does this permit the production of a given product in shorter 
time, but it also reduces operating expenses because of the lesser heat 
energy expended. 

12.10. Le Chatelier’s Law 

The preceding discussion has shown how systems in equilibrium 
respond to changes in experimental conditions. A general statement 
concerning the character of these responses is known as Le Ch a teller’s 
law (or principle). If a system in equilibrium is subjected to any 
stress or constraint, the system will respond in such manner as 
will counteract the effects produced by the applied stress. 
Changes in temperature, concentration, and pressure, all may be con- 
sidered as constituting “stresses” or “constraints” in the sense that 
they tend to disturb the established conditions peculiar to a particular 
equilibrium. 

12.11. Equilibrium Constant 

When a reversible reaction is carried out for the purpose of produc- 
ing a certain product for sale, the success or failure of the venture 
depends upon the efficiency with which the given reactants can be con- 
verted to the desired product or products. It is important, therefore, 
to have some means of determining experimentally just how closely a 
reaction approaches completion before equilibrium is established. 
Consider again the following reaction: 

Fe304 -h* 4 H 2 3 Fe + 4H2O 

Let Ra represent the rate of the forward reaction and Rb the rate of the 
reverse reaction. By the law of mass action, the rate of each reaction 
is proportional to the molecular concentration of each of the reactants, 

^ The fact that the rate of reaction is proportional to the product of the molec- 
ular concentrations is related to the probability of collisions between molecules. 
If dice are being cast and only aces (single dots) are desired, the chance of turning 
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hence, 

[fe^O,] X [Ha] X [Ha] X [Ha] X [Ha] 

= jfei X [Fe304] X [Ha]^ 

Bb == hX [Fe] X [Fe] X [Fe] X [HaO] X [HaO] X [HaO] X [HaO] 

^ k,X [Fe]3 X [HaOp 

where ki and kz are constants (numbers) which represent the rates at 
whi(;h the two reactions occur when the reactants are present at unit 
concentration. Since the moh^cular concentration of solids may be 
considered constant fSec. 12.5), the terms [Fe 304 ] and [Fe]^ may be 
replaced by the constants C and D, respectively. 

BA^hXCX [IF]^ 
or 

Ra - Ah X [IF]^ 

and 

Rb = ^2 XDX [H.O]^ 
or 

Ru = Ah X [H^OJ^ 


When equilibrium becomes establislud at some definite temperature 
and pressure^ the two rates of n^aclion must be equal, he., 


Substituting, 

and 


Rb = Ra 

AF X [H20]^ - Ah X [H >] 

[IhpY ^ K, 

[f-F?' A 2 

^ "IT, 
[H 2 V VA2 
[H2O] _ .. 

[IF] 


Ke is the equilibrium constant for this particular reaction in equilibrium 
under a specified set of experimental conditions. 


up an ace using only one die is one in six (Jib) because the die has six dilTerent faces, 
only one of which has the ace on it. Ukewise, the chance that another ace will 
turn up when a second die is cast is also 3^. When two dice are cast, the chance that 
both will turn up aces s imu/^aneousZy is only 1 in 36, or X = Jho- This must 
be true because with two dice there are 36 possible face combinations, in which 
the ace-ace combination appears only once. With regard to chemical reactions, 
the same line of reasoning applies since the occurrence of a reaction depends upon 
the probability that the reacting molecules will appear simultaneously in a given 
location in space. 
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Meaning of the Equilibrium Constant. The equilibrium con- 
stant is a number which represents the ratio of the molecular concentra- 
tion of H 2 O and the molecular concentration of H 2 present when this 
particular equilibrium becomes established. Tlie numerical value of 
this ratio is entirely independent of the original concenlrations of the 
reactants, but it does change with alterations in experimental condi- 
tions such as temperature. For this particular reaction at 900°('., 
Ke — 0.69; at 1025°, Ke = 0.78; and a1 1150°C., = 0.86. Increase 

in the numerical value of Ke means tliat [lUO] has increased and [H 2 I 
has decreased with increase in temperature. In other words, im^rease 
in temperature produces an equilibrium mixture containing niorc^ 
H 2 O (and, therefore, Fe, as well), which is the desired result. The 
larger the value of the equilibrium constant, the more nearly completes 
is the forward reaction; by the same token a small numerical value of 
Ke indicates that the forward reaction did not proceed very far before 
equilibrium was established. 

Use of Equilibrium Constants. In actual practice it is not 
necessary to go through all the various steps used in deriving the 
equilibrium constant for the reversible reaction between iron oxide and 
hydrogen. The Ke for any reaction is equal to the product of the 
molecular concentrations of tJie products (each raised to the power 
indicated by its coefficient in the chemical equation) divided by the 
product of the molecular concentrations of tlu' reactants (also raised 
to the indicated powers). Thus, for the reaction. 


ISIa -f 3H2 ^ 2 NT 1 . 

[ NHsI ^ ^ ir 
[Nd X [H2P 

If equilibrium has been established under a definite temperature and 
pressure, the extent to which the forward reaction proceeded toward 
completion before equilibrium was reached can be determined readily 
in terms of the size of the number which is the K^, If one measures 
by experiment the concentration of any one of the three gases present 
in the mixture at equilibrium, the molecular concentration of each of 
the three gases can then be calculated from the chemical equation. 
By substituting these concentration data in the expression that is set 
equal to Ke and solving, the result is the numerical value of Ke- Sup- 
pose that, having done this, the value of Ke is small, thus indicating 
that the forward reaction has not proceeded so far toward completion 
as desired. The next step would be to change the experimental condi- 
tions (temperature, pressure, or concentration — or any combination 
thereof) and permit the establishment of a new equilibrium. From 
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the new value of Ke, tlie result of the change in conditions can be 
evaluated. Thus, the ecfuilibrium constant provides a convenient 
means of following the course of a reaction in equilibrium as it responds 
to changes in conditions. 


EXERCISES 

J. What is the difference between physicjal and chemical equilibria? 

2. What advantage is involved in expressing concentration in lernis of inole- 
(Milar concentTation ? 

Each of the following cases involves a certain weiglit of material contained 
in a specified volume. In each case, calculate the molecular concentration in terms 
of moles per liter. 

[a) 87.45 g. of sulfur dioxide (SO 2 ) gas in a volume of 1 liter. 

{b) 0.0862 g. of carbon monoxide (CO) gas in a volume of 1.56 cc. 

(c) 19.92 g. of methane (CH4) gas in a volume of 6.19 liters. 

1. State the following laws: (a) J^e Chatelier’s law, (/;) the law of mass aclion. 

5. List the experimental factors that influence reactions in cqailibrian} and 
give one example of the operation of each of these factors. 

6. Using the method outlined in Sec. 12.11, derive the expression for the 
equilibrium constant for each of the following (‘(piilihria : 

(a) 2S02(ga«) + 0> , 2SO:iCga.> 

(b) NH,w + — NH4CI (solid) 

7. For each of the following equilibria, write the final exfaession representing 
the equilibrium constant. 

(а) 2NO(ga«) N.> 04 (Ka«) 

(б) Ca003(aolid^ -t— CaO(HoUd) "h C02(gaH) 

(c) C02(fia«) ~|~ C(solid) ' — 2CO(j>a8) 

8. How will each of the equilibria listed in Exercises 6 and 7 bt' influenced by 
an increase in pressure? 

9. In any given case, what determines the extent to which the forward reaction 
will have proceeded toward completion before equilibrium becomes established? 
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CHAPTER XIII 

CLASSIFICATION OF THE ELEMENTS 


In view of the fact that at least 90 chemical elements are known to 
exist, one is immediately impressed by the truth tliat the acquisition of 
a detailed knowledge of the (‘hemic al and physical properties of each 
of these elements would be an extremely time-consuming task. For- 
tunately, however, it is not necessary (for most purposes) to study all 
the chemical elements in terms of their individual characteristics. 
Over a long period of time and as a composite result of the efforts of 
many scientists, it is possible to study the elements largely in terms of 
the interrelationships that tliey exhibit. On the other liand, one must 
not lose sight of the fact that, for certain purposes, each individual 
chemical element must be made the object of detailed study. 

13.1. Historical 

In the early years of the nineteenth century, chemists began to 
observe certain types of similarity among some of the elements known 
at that time. As early as 1829, Dobereiner called attention to the 
fact that several groups of three elements exhibited marked similarities. 
For example, chlorine, bromine, and iodine constitute such a “triad.'’ 
Dobereiner observed that in such instances the middle element pos- 
sessed properties intermediate between those of the other two elements 
and that the atomic weight of the middle element approximated the 
average of the atomic weights of the other two. Other similar triads 
indicated by Dobereiner include sulfur, selenium, and tellurium; cal- 
cium, strontium, and barium; phosphorus, arsenic, and antimony. 

Although Dobereiner’s efforts in the direction of a logical grouping 
of related elements represent only a meager beginning, his work 
undoubtedly did much to stimulate new efforts to discover relation- 
ships between the chemical elements in terms of their weights. In this 
connection it must be recognized that th(;se early investigations were 
hampered by the facts that many of the elements were unknown, that 
those which were known had not been studied in sufficient detail, and 
that the values for the atomic weights of the then known elements were 
in many cases quite erroneous. Nevertheless, about 1860, the English 
chemist, Newlands, arranged the 14 lightest elements in ascending 
order of atomic weights and discovered that “every succeeding eighth 
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element is a kind of repetition of the first and that these elements 
stand to each other in the same relation as the extremities of one or 
more octaves in music.” Newlands’ “law of octaves” did not meet with 
a cordial reception on the part of his fellow chemists and became an 
object of ridicule. Nevertheless, some twenty years later, tlie Royal 
Society of London awarded Newlands the Davy medal for his earlier 
dis(‘overy. 

At about the same time (1860) the French chemist, de Chancour- 
tois, arranged the elements in a spiral line in order of irua’casing 
atomic weights and stated that the properties of the chemical elements 
are related to the numbers representing the atomic weights of those 
elements. Although all these investigators and others as well were 
undoubtedly contributing to progress in the desired directions, the 
true significance of their discoveries was not recognized for many years. 

13.2. Mciidcdyccv Classification 

The forerunner of the present classification of the elements was 
apparently devised entirely independently and at about tlie same time 
by the Russian, Dimitri Ivanovich Mendelyeev (Fig. 51), and the 
(ierman, Lothar Meyer. About the only significant difference between 
the work of Meyer and that of Mendelyeev was that Aleyer’s studies 
(nnphasized physical properties of the elements whereas Mendc^lyeev’s 
classification was made on the basis of both physical and chemical 
properties, with particular emphasis on the latter. Although tlie two 
investigators should share in the credit, Mendelyeev’s bold and ac’ou- 
rate prediction as to future developments caused him to become the 
most popular proponent of this means of classification of the elements. 
For example, 15 years before the element germanium (G(‘) was dis- 
covered, Mendelyeev predicted that this element would be gray in 
color, would combine with oxygen to form a white solid oxide of the 
t ype EO 2 , and that the pure element would be found to have a specific 
gravity of 5.5 and an atomic weight of 72. Germanium is a grayish- 
white solid having a specific gravity of 5.47, an atomic weight of 72.3, 
and combines with oxygen to form Ge02 which is a white solid. As a 
result of these and other equally accurate predictions, the classification 
has come to be known as the Mendelyeev arrangement or classification. 

As far as the 14 lightest elements are concerned, the Mendelyeev 
arrangement was identical with that of Newlands. However, the 
Mendelyeev arrangement was more inclusive than that of Newlands 
since the former embraced all the elements known at that time. A 
representation of the periodic classification as it was known in Men- 
delyeev’s time is given in Fig. 52. 
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The elements were arranged by Mendelyeev in ascending order of 
their atomic weights. He observed that same sort of periodic recur- 
rence of properties as was pointed out earlier by Newlands. This 
periodicity in chemical and physical properties may be likened to the 
periodic recurrence of the four seasons. Thus, each recurring summer 
season has detailed characteristics which are similar to (but not neces- 
sarily identical with) those of the preceding and following summer 
seasons. Just as two summer seasons are separated by three other and 
different seasons, so any two related elements are separated by a num- 
ber of intervening elements. 



Fig. 51. — D. I. Mendelyeev (1831^-1907). 


Studies based upon his classification of elements led Mendelyeev 
to formulate what many chemists believe to be the most important 
generalization in the science of chemistry, viz,, the periodic law, which 
was stated by Mendelyeev as follows: The properties of the ele- 
ments are periodic functions of their atomic weights. The 
tabular form of Mendelyeev’s arrangement of the elements is known 
as the periodic arrangement of the elements or the periodic table. The 
modern form of the periodic table is shown in Fig. 53. As will be seen 
readily by comparison with Fig. 52, the original Mendelyeev arrange- 
ment has undergone many modifications, extensions, and improve- 
ments as a result of new knowledge gained since the classical work of 
the famous Russian scientist. 




Gesetzmassigkeit der chemischen Elemente, Annalen, Suppiementband VIII, 1872, pp. 133-229.) 
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Fig. 53. — Modern Mendel yeev-type periodic table. 
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13.3. General Relations of the Mendelyeev Arrangement 

When arranged in order of ascending atomic weights, the elements 
may be listed (Fig. 53) in tabular form subdivided into nine vertic'.al 
columns which are known as groups and seven horizontal rows which 
are called periods. The detailed character of these groups and periods 
will be considered after some ideas concerned with the over-all relation- 
ships of the periodic table have been pointed out. 

An examination of the elements listed in any given group shows 
that these elements exhibit certain marked similarities in properties 
and certain more or less regular trends in both chemical and physical 
characteristics. Regularities and relationships of a somewhat diflerent 
character are observed when one examines the properties of the ele- 
ments that fall into any given horizontal period. 

Metals, Nonmetals, and Metalloids. If a diagonal line is 
drawn across the table, as shown in Fig. 53, and if Group VIII is 
neglected for tlie moment, the following general relations become 
apparent : 

1. The elements tabulated below and to the left of the diagonal 
line are those having the properties of metals. Furthermore, for the 
elements in any given vertical group, the farther removed from the 
diagonal line the more pronounced will be the metallic (character of 
the clement. Thus the most metallic elements are listed in the lower 
left-hand region of the table. 

2. The elements tabulated above and to the right of the diagonal 
line are those which, in general, do not possess any marked degree of 
metallic character and hence are known as the nonrnefals. Nonmetal- 
lic character becomes more pronounced in t hose elements alloc ated to 
positions above and to the right of the diagonal line, with the result 
that the most nonmetallic elements are found in the upper right-hand 
region of the table. 

3. If the upper right-hand region (nonmetals) and the lower left- 
hand region (metals) contain elements that represent the two extremes 
in metallic and nonmetallic character, then it follows that the diagonal 
line represents a line of demarkation between these two broad classes 
of elements. Accordingly, it is not surprising to find that the elements 
located on or near this line are those which are intermediate in charac- 
ter between the metals and the nonmetals. These elements are called 
semimetals or metalloids. For example, the element arsenic exhibits 
some properties that are characteristic of the metals and certain other 
properties that are most commonly possessed by nonmetals. In some 
of its chemical changes, arsenic acts like the metals; in other reactions 
its behavior is much like that of the typical nonmetals. Elements that 
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exhibit such dual cliaracter are sometimes said to be amphoteric 
elements. 

Chemical Activity. A fairly good estimate of the relative chemi- 
cal activity of an element may be gained by considering tlie position 
of that element in the periodic table. Aside from Group 0 (the ele- 
ments of which do not exhibit chemical activity in the usual sense), the 
chemical .activity among the metals increases with increasing atomic 
weight. Thus, in Group I, chemical activity increases from lithium 
to cesium, the latter being the most active metal known. This tend- 
ency toward increase in chemical activity with increase in atomic 
weight becomes less pronounced in each succeeding vertical group as 
one proceeds from (xroup 1 toward the center of the table. 

Among the nonmetals (and excluding Group VIII) chemical activ- 
ity in general decreases with increase in atomic weight. Accordingly, 
the most active nonmetals are found in the upper right-hand corner 
of the table. Again, this trend becomes less marked as one proceeds 
from Group VII toward the center of the table. 

Some of these general relationships are shown diagrammatically in 
Fig. 54. These trends are best understood if one visualizes this dia- 
gram as being superimposed upon the periodic table (Fig. 53). 

13.4. Horizontal Periods 

The first “short period” begins with the inert gas, helium. The 
next element, lithium, is decidedly metallic in character. Beryllium, 
in Group II, is predominantly metallic in charac ter although less so 
than lithium, but nevertheless possesses a sufficient measure of non- 
metallic character to warrant its classification as a metalloid. Boron 
in Group III is the first element in the first short period which exhibits 
a predominance of nonmcitallic properties. These nonmetallic char- 
acteristics are still more marked in the case of carbon in Group IV and 
are exhibited in increasing degree in the elenients nitrogen, oxygen, 
and fluorine. In fact, fluorine is the most nonmetallic element known. 
Collectively, the elements of the first short period are frequently 
referred to as the introductory elements, since in each case a first short- 
period element stands at the head of each vertical group. 

The first short period of eight elements is followed by a second 
short period (also consisting of eight elements) of which the first mem- 
ber is the inert gas neon. In this period, sodium is a typical metal, 
magnesium is somewhat less metallic than sodium, and aluminum is a 
typical metalloid. Nonmetallic character is first encountered in 
pronounced degree in the element silicon, and the remainder of the 
elements in this period become increasingly nonmetallic from silicon to 
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chlorine. It should be recognized at this point that noiimetallic char- 
acter appears later in the second period Ihaii in the first. This 
tendency becomes more marked in each of the succeeding horizontal 
periods. Thus, the first predominantly nonmetallic elements in the 
third period are the Group V elements, vanadium and arsenic. 

The third and fourth periods (long periods) consist of 18 elements 
each, of which 8 are “normar’ elements (like thos(^ of the two first 
short periods) and the remaining 10 are called transitional elements. 
The fifth horizontal period consists of 8 normal elements, 10 transi- 
tional elements, and 11 '‘rare-earth elements,'’ or a total of 32. Any 
further consideration of the charaidcr of transitional and rare-earth ele- 
ments can be made best on tlu^ basis of information relating to the 
structures of the individual atoms (Chap. XIV). Although the long 
periods involve complexities that are not encountered in the two short 
periods, the same sorts of regularities and trends are present. 
Throughout each of the horizontal periods, definite gradations in both 
physical and chemical properties are encountered. 

13.5. Vertical Groups 

From the standpoint of simplification of study, a close examinatioii 
of the relationships exhibited by the elements in any given group will 
prove to be most instructive. With exception of Groups 0 and VIII, 
each of the vertical groups consists of a “ main family” and a subgroup. 
Each main family consists of normal elements, while the subgroups 
consist of transitional elements. The relationships between the ele- 
ments of a vertical group can be appreciated best in terms of specific 
cases. 

Group I. The main family of Group I consists of the family 
known as the alkali metals, Li, Na, K, Rb, and Cs. With increasing 
atomic weight, the physical properties of these decidedly metallic ele- 
ments exhibit surprisingly regular trends. All these metals are solids 

TABLE 14 

Meltinc Temperatures of the Alkali Metals 


\lkali 

metal 

At-omic 

weight 

Melting tem- 
perature, '"G. 

i 

U 

6.940 

186 

Na 

22.997 

97.5 

K 

39.096 

62.3 

Rb 

85.44 

38.5 

Cs 

132.91 

28.5 
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at ordinary temperatures but are of varying hardness. Thus, lithium 
has the greatest hardness, sodium is next in hardness, and so on to 
cesium which is the; softest of the alkali metals. The regularity in the 
trend of melting temperatures is shown by the data in Table 14, 
while the periodicity in atomic volumes^ of these elements is shown in 
Kig. 55. The solubilities (in water) of the compounds of these ele- 
ments show regular trends; in general, solubility decreases with increase 
in the atomic weight of the alkali metal. Thus, one would expect that 
RbCl would be l(‘ss soluble in water than KC"1, and such is the case. 

Chemical properties also vary regularly throughout each main 
family. In Group 1, chemical activity increases from lithium to 
cesium. If an element in a given group forms a certain type of com- 
pound, it may be anticipated that the other elements in the group will 



Atomic weight 

Fkj. 55. — Variation in atomic Aolunio with incremsinj^^ atomic weight. 


form (X)mpounds having similar properties. For example, lithium 
combines with oxygen to form the compound (oxide) LhO and with 
hydrogen to form the compound (hydride) LiH. Accordingly, each 
element in Group 1 may be expected to form similar compounds, and 
so far as the main family is concerned this has been found to be the 
case. To emphasize similarity in the type of compounds formed 
between the elements of each group and the elements oxygen and 
liydrogen, type formulas are given at the top of each vertical group. 
In these formulas, E represents any element in that group. It is not to 
be inferred from these type formulas that they are in any way restric- 
tive. For example, it is not always true that all the elements in a 
given group will form compounds having formulas that are in accord 
with the type formula. Furthermore it is often true, for example, that 

^ The atomic volume of an element is the volume in cubic centimeters occupied 
by 1 gram-atomic weight of that element. This property is of importance since it 
provides an indication of relative atomic size. 
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a given element will form an oxide having a formula corresponding to 
the type formula but will also combine with oxygen to form other 
oxides having different formulas. 

Since the metallic elements of Group I are base-forming elements, 
the oxides of the type E2O dissolve in water to form bases, for example, 

Na^O + H2O -> 2 NaOH 
CS2O + H2O -> 2 CsOH 

The basic strengths of the resulting solutions iruTease regularly from 
Li to Cs; hence CsOH is a stronger base than RbOH, whic^h in turn is 
a stronger base than KOH, etc. 

Although the properties of the elements in the subgroup (Cu, Ag, 
Au) are in many respects quite different from those of tlie main family 
elements, a sufficient number of similarities are found to justify tlu^ 
allocation of these elements to (iroup I. On the other hand, the three 
transitional elements, Cu, Ag, ^nd Au, show marked siujilarities and 
trends among themselves. In a later section of this chapter, further 
information will be provided on the subject of relationships between 
main families and subgroups. 

Group IV. The fourth periodic group is made up of a main 
family consisting of C, Si, Ge, Sn, and Pb together with a subgroup 
containing the four transitional elements, Ti, Zr, llf, and Th. In the 
main family, C and Si are nonmetallic, (ie (and to a lesser extent Sn) 
is a metalloid, and lead is predominantly metallic. Within the sub- 
group, both Ti and Zr are metalloids, while increasing degrees of 
metallic character are exhibited by Hf and Th. In general, the same 
sorts of trends in chemical and physical properties are exhibited by 
Group IV elements as were pointed out in connection with Group I. 
An important difference, however, lies in the fact that, although Group 
I consists entirely of metals, the entire transition from nonmetallic 
to metallic character is encountered in Group IV. Another important 
distinction lies in the fact that, in Group IV, the elements of the sub- 
group show many more similarities to (and fewer differences from) the 
elements of the main family than is the case in Group I. 

Group VII. The halogen family consisting of F, Cl, Br, and I 
make up the main family of Group VII, while the transitional elements 
Mn, Ma, and Re constitute the subgroup. As is the case in Group I, 
the subgroup elements in Group VII exhibit surprisingly few similari- 
ties to the elements of the main family. 

Perhaps in no other instance are regularities in the trends of 
behavior and properties illustrated better than by the halogen family. 
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Tliis statement is borne out by an inspection of Table 15, in which an^ 
given certain data relating to these nonmetals. 


TABLE 15 

Properties of Elements of the Halogen Family 


Property 

F 

Cl 

Br 

I 

Physical stale 

Gas 

Gas 

Liquid 

Solid 

Color 

Colorless 

Y ellow-green 

Brown 

Purple 

Boiling temp., °C. at 1 atm. 

-187° 

-.33.6° 

61.1° 

Sublimes 

Heat of formation of HX* 

4-128,000 

4-41,120 

4-17,300 

-11,820 

Stability of HX* 

Very stable 

Stable 

Fairly stable 

Unstable 

Solubility of HX* in 100 g. 
H 2 O at 25°C 

35.3 g. 

42.0 g. 

49.0 g. 

57.0 g. 


* Where X represents an element of the halogen family. 


Within this family, metallic character increases regularly from the very 
nonnielalli(^ fluorine to iodine which exhibits metallic properties in only 
a very limited degree. The trend in chemical activity is in the oppo- 
site direc^tion, i.e,, from the relatively inactive iodine to the extremely 
active fluorine. Thus, chlorine is more active than bromine and is 
therefore capable of displacing bromine from its compounds. If, for 
example, an aqueous solution of sodium bromide is treated with gaseous 
chlorine, a reaction of the following type ensues: 

2NaBr 4- CI 2 2NaCI -f- Br*, 

13.6. Introductory Elements 

Since the elements of the first short period stand as the first ele- 
ments in their respective groups, one might be led to assume that the 
chemical and physical characteristics of these elements might serve as a 
valid basis for the prediction of the properties of the other elements of 
each group. Such, however, is not the case. The so-called introduc- 
tory elements exhibit many properties that are abnormal in comparison 
with those of the other members of their groups. For example, 
although each introductory element resembles the corresponding 
second-period element, it also usually has many properties in common 
with the second-period element in the next group. Thus, although Li 
and Na are much alike, Li also resembles Mg in many respects. 
Similarly, B resembles both Mg and Al, B has properties in common 
with both Al and Si, etc. Although these and other unusual char- 
acteristics of the introductory elements have been recognized for a long 
time, a simple and satisfactory explanation for this behavior is not 
available. Most writers seem to be content with the rather unsatis- 
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factory procedure of attributing tlie abnormal properties of the intro- 
ductory elements to the relatively small size of the atoms of these 
elements. 

Since a knowledge of the properties of at least two elements is neces- 
sary in order to establish the trend within a given group and since an 
introductory element should not be one of these, it would seem logic-al 
to choose the elements in the second and third periods. Thus, on(‘ 
would be led to sliidy tlie elements S and Se in (noup VI. If one 
found, for example, tliat Se is more metallic than S, Hum one would be 
led to predict (and correctly so) that Te should be more metalli(‘ than 
Se, and that 0 should be the least metallic element in the main family 
of Group VI. 

13.7. Trends in the Relationship between Main Families and 
Subgrou ps 

It has already been pointed out that, in Group IV, the subgroup 
elements show marked similarity to the elements of the main family; 
just the reverse is true in Groups 1 and Ml. It should be recognized 
that Groups 1 and VII represent exireme leases in this respect and that 
group-subgroup similarities become more marked as one procjeeds 
either from (Jroup I or from Group Vll toward the center of the table. 

13.8. Value of the Periodic Arrangement 

In view of tlie preceding discussion, the value of the periodic classi- 
fication in the simplification of the study of the chemic.al elements 
should be so obvious as to require no further comment. In addition, 
the periodic arrangement serves as a basis for the prediction of hitherto 
unknown properties and reactions of many of the less familiar elements 
and in this way stimulates investigations that lead to new dis(‘,overies. 

Much of the past progress in chemistry is directly attributable to 
the periodic classification. In Mendelyeev’s time, many of the ele- 
ments were unknown and the atomic weights of many of the then 
known elements were much in error. When, in his efforts at classifica- 
tion, Mendelyeev encountered difficulty, he usually attributed these 
difficulties to inadequate or faulty information. He left several vacan- 
cies in his table and boldly predicted that elements would be discovered 
later to fill in these spaces. The uncanny accuracy of his predictions 
has been borne out by the discovery of germanium by Winkler in 1888, 
of gallium by Boisbaudran in 1875, of scandium by Nilsen in 1879, etc. 
The arrangement aided also in the ultimate discovery of such elements 
as hafnium, rhenium, masurium, and the rare-earth element, illinium. 
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The discovery of the latter was announced in 1926 by Prof. B. S. 
Hopkins and his coworkers at the University of Illinois. 

Mendelyeev’s criticism of values for the atomic weights of certain 
of the elements stimulated the study and perfection of many methods 
for the accurate analysis of compounds of the elements. In some 
cases, the atomic weights were in error to an extent suc-h that an ele- 
ment would appear to belong in a group not justified by the properties 
of the element concerned. In the majority of such cases, careful 
redetermination of atomic weights using improved analytical proce- 
dures resulted in the proper allocation of these elements in the table. 
If the periodic classification liad no other value, its existence would be 
more than justified by the extent to which it stimulated progress in tlie 
field of analytical chemistry. 

13.9. Shortcomings of the Mendelyeev Classification 

The chief apparent defects in the Mendelyeev classification are 
that (1) the strict ascending order of atomic weights is violated in four 
cases, i.e., argon and potassium, cobalt and nickel, tellurium and 
iodine, and protoac'tium and thorium; (2) it provides no entirely satis- 
factory position for the element hydrogen; (3) it provides no conven- 
i(*nt means of tabulating the so-called rare-earfh elements; (4) some 
cheniic^ally similar elements are placed in different periodic groups; and 
(5) some chemically dissimilar elements are allocated to the same 
group. 

The first of these objections was eliminated by Moseley’s classical 
work (Sec. 14.2) and the other defects listed above are, in the last 
analysis, not serious. It is an interesting fact that tliose who criticize 
the Mend(4yeev arrangement most severely ’are usually those who 
know the least about it. It seems apropos to quote the viewpoint of 
the I^nglish c:hemist, J. INewton Friend, in this connection: 

It is not surprising that a system of classification which aims at embracing 
not only all of the known but also the unknewn elements existing either in 
the free state or in various stages of combination in the universe should have 
its weak points. These arise from two caases, namely, an imperfect knowledge 
of the law itself which either leads us to seek too wide an application for it or 
to limit its sphere within certain narrow and arbitrary limits, and an insuffi- 
cient or inaccurate knowledge of the elements it is sought to include within 
the scope of the law. 

EXERCISES 

1. Give the names of five scientists who have contributed to the development 
of the periodic classification and indicate briefly the nature of the contribution 
made by each. 
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2 . What is the essential difference between the nature of the relationships as 
shown by horizontal periods and those shown by the vertical groups P 

3. Into what three broad classes may all the elements be grouped and where 
are these classes located in relation to the periodic table? 

4. Exa( 5 tly what is meant when one refers to a periodic relationship? 

5. In view of the positions (in the periodic table) reserved for elements 85 and 
87, make predictions regarding the following properties of these elements: (a) 
atondc weight, ( 6 ) chemical activity, (c) physical state, (d) degree of metallic 
character, (e) chemical character of the binary hydrogen and oxygen compounds, 
(f) stability of the binary hydrogen and oxygen compounds. 

6 . What generalization may be made with regard to the extent to which the 
elements in a subgroup may be expected to resemble the elements in the main 
family ? 

7. Given the information that sulfur forms acids having the formulas II 2 SO 4 
and II2SO3, write the formulas for the acids (and for their anhydrides) whi(4i one 
miglit expect to be formed by the other elements of Group VI. 

SUGGESTED READING 

Journal of Chemical Education 

Taylor, Lewis Reeve Gibbs and the Classification of Ihe Elements, 18, 403 
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See references at end of Chap. XIV. 




CHAPTER XIV 

ATOMIC NUMBERS AND THE STRUCTURES OF ATOMS 

Although the Mendelyeev classification was a major accomplish- 
ment in the direction of providing a satisfactory arrangement of the 
elements, the fact that it was necessary to deviate (in a few cases) from 
the strict, ascending order of atomic weights cast doubt upon the 
reliability of weight alone as a sound basis for such a classification. In 
fact, a more fundamental basis for the classification of elements was 
discovered early in the present century. This more recent discovery 
has not led to any major alteration of the Mendelyeev arrangement 
but rather has confirmed and strengthened Mendelyeev’s conclusions 
and lias led to a clearer understanding of the basic principles that 
render possible such an orderly arrangement of the elements in con- 
formity with their chemical and physical properties. In order to 
understand the full significance of these more recent developments, it 
is necessary to abandon the idea that an atom is the ultimate indivisi- 
ble unit of matter. One must come to recognize that these atoms are 
composed of still smaller units of matter arranged in (‘ornbinations that 
give rise to the atoms of the various elements. 

14. 1. Radioactivity 

Several of the elements of high atomic weight (in periods 6 and 7 
of the Mendelyeev arrangement) are unstable and undergo spon- 
taneous disintegration. This property is known as radioactivity and 
was discovered by the French physicist, Becquerel (Fig. 56), in 1896. 
Although the occurrence of radioactive change or disintegration is not 
subject to any control by man, much can be learned through the study 
of this somewhat unusual behavior. The progressive disintegration of 
radioactive elements such as uranium, radium, or polonium, produces 
a variety of lighter atoms having physical and chemical properties 
different from those of the parent radioactive element. In addition, 
alpha particles, beta particles (or rays), and gamma rays are also 
produced. The properties of these particles or rays can be explained 
best in terms of an experiment illustrated by Fig. 57. If, for example, 
a sample of radium or a compound of radium is placed in a hole drilled 
into a block of lead, the particles and rays that are emitted during the 
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Fig 


-Antoine TTenri 
( 1852 - 1908 ). 


Becqiierel 


radioactive disintegration of the radium atoms may be separated 
(deflected) by means of a magnet arranged at right angles to the path 
of the emitted particles and rays. If a photographic plate is placed 
in the path of the particles and the rays that have been separated 

by us(‘. of tlie magnet, each kind 
of parti('Je or ray will aflect the 
photographic plate at the point of 
impact. The properties of eadi 
of these products of radioac- 
tive change will be considered 
separately. 

Alpha Particles. In their 
passage throiigli the magnetic; 
field, a-par tides are deflected 
toward the negative pole of the 
magnet. An alpha partide has a 
mass almost exactly the same as 
the mass of a helium atom, but 
it differs from the nc^utral ]i(;liurn 
atom in tliat the a-partide bears 
two unit charges of positive electricity. Although a-partides are 
emitted with velocities of the order of 10,000 miles per second, they 
are not very penetrating since they are capable of passing through only 
extremely thin sheets (less than 0.1 mm. in thickness) of metals such 

as aluminum. a-Partides make only a 

relatively slight impression when they strike 
a photographic plate. 

Beta Particles. As shown by Fig. 57, 
i(3-parti(;les are deflected toward the positive 
pole of the magnet. These particles consist 
of unit particles of negative electricity which 
are known as electrons. The /3-parti(;le has 
a mass only ^840 that of a hydrogen atom 
and is emitted (from the radioactive ele- 
ment) with a velocity of the order of 100,000 
miles per second. These /^-particles (or elec- 
trons) are capable of penetrating thin sheets 
(1 mm. in thickness) of aluminum and are thus proved to be more 
penetrating than a-particles. 

Gamma Rays. The y-rays are not deflected by the magnetic 
field, and it may therefore be concluded that they bear neither positive 
nor negative electrical charge and hence are said iohe electrically neutral. 



representing deflection of 
alpha and beta particles h y 
a magnetic field. 
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These rays are similar to ordinary light waves except that y-rays have 
extremely short wave lengths (Fig. 58). y-Rays have essentially the 
same characteristics as X rays which were discovered by the German 
physicist, Rontgen, in 1895. That certain y-rays are extremely pene- 
trating is shown by the fact that they may be detected (by means of a 



Fig. 58. — Illustration of wave lenj^th. The distance from crest to crest or 
from trough to trough is called one wave length and is usually designated by the 
Greek letter lambda (X). 

photographic plate) after having passed through a sheet of lead 10 
in, thick. 

14.2. Atomic Numbers 

When an eleinetit is bombarded by a stream of electrons produced 
at the cathode of an X-ray tube (Fig. 59), the atoms of the element 
give off X rays. This procedure may be likened to the bombardment 
of a target by means of bullets. The element under investigation 
serves as the target, and the “bullets'’ consist of electrons impelled by 


X Rays 



relatively high voltages. Elxamination of the X-ray spectra of differ- 
ent elements has shown that each emits certain characteristic X radia- 
tions which are not found in the X-ray spectrum of any other element. 

In 1913, the young English physicist, Moseley (Fig. 60), announced 
a discovery of outstanding significance. As a result of the study of 
the X-ray spectra of many of the elements, Moseley found that, for any 
two elements that stand next to each other in atomic weight, there is 
a constant difference between the square roots of the frequencies of 
vibration of the X rays characteristic of these two elements. (Fre- 
quency of vibration of X rays or light waves is the reciprocal of the 
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wave length and is concerned with the number of '‘waves” produced 
as the wave describes its path through a certain distance such as 1 cm. 
Thus, the smaller the wave length, the greater is the frequency of 

vibration.) If the elements are 
arranged in a series based upon 
the order indicated by the fre- 
queiuaes of the characteristic X 
rays and if each element in this 
series is assigned a number begin- 
ning with the number one for hydro- 
gen (the lightest known element), 
th ese assigned nunibcn’s are related 
to th('. frequency by the expression, 

V/ = k(N - a) 

where / is tlje fre(}ucn(;y of vibra- 
tion, N is the assigned number 
whicfi is known as the atomic nurn- 
her, and k and a are constants. 
On this basis, the atomic number 
of hydrogen is 1, that of helium is 
2, that of lithium is 3, etc., to the 
number 92 for the element uranium. 
The relation between frequency 
and atomic number is shown for a few of the elements in Fig. 61. 

14.3. Atomic Numbers and the Periodic Classification 

The atomic numbers are listed above the symbols for the elements 
in the periodic table shown in Fig. 53. It will be noted that, with but 
four exceptions, the order of atomic numbers parallels the increasing 
order of atomic weights and that these four exceptions are the cases in 


Element Atomic No, 



Fig. 61. — The relation between frequency and atomic number. 



Fig. 60. — H. G. J. Moseley 
(1887-1915). {(Umrtesy of The Edgar 
Fahs Smith Memorial Collection in the 
History of Chemistry, The University 
of Pennsylvania.) 
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which Meiidelyeev diverged from the ascending order of atomic 
weights. Thus, for reasons of known chemical behavior, Mendelyeev 
placed cobalt between iron and nickel (rather than following nickel) 
and reference to Fig. 61 will show that Moseley’s work confirmed the 
correctness of this order. Similarly, the cases of argon and potassium, 
tellurium and iodine, and protoactinium and thorium are clarified when 
one uses atomic numbers as a criterion in place of atomic weight. 

Because of the constant difference between the square roots of the 
frequencies of vibration of the X rays characteristic of two adjacent 
elements, any vacamJes in the periodic table due to elements not yet 
discovered could be detected readily. By reference to Fig. 61, it will 
be seen that if the element gallium ((la) had not yet been discovered, 
its existence would be indicated by a gap between Zn and Ge. During 
Moseley’s lifetime seven such vacancies were observed, /.c., there were 
seven atomic numbers for which no corresponding elements were 
known, viz,, numbers, 43, 61, 72, 75, 85, 87, and 91. The summary 
given in Table 16 represents the present status of these and four addi- 
tional cases. 


TABLE 16 

Ui2c:ently Discovered Elements 


Atoinic No. 

Name 

Symbol 

Discoverer (s) 

Date 

13 

Masurium * 

Ma 

Nodclack, Tacke, and Berg 

1925 

61 

Illinium* 

11 

Hopkins 

1926 

72 

Hafnium 

Ilf 

Coster and von Hevesey 

1923 

75 

Rlienium 

Re 

Noddak, Tacke, and Berg 

1925 

85 

(See Sec. 16.6) 




87 

(See Sec. 16.6) 




91 

ProLoaclinium 

Pa 

Halm and Meitner 

1917 

93 

Neptunium 

Np 

McMillan and Abel son 

1939 

91 

Plutonium 

Pu 

Seaborg, McMillan, Wahl, and 

1940 




Kennedy 


95 

Americium 

Am 

Seaborg, James, and Morgan 

1915 

96 

Curium 

Cm 1 

Seaborg, James, and Chiorso 

1915 


* Claims to discovery not confirmed. 


Restatement of the Periodic Law. In view of the development s 
outlined above, it becomes desirable to abandon atomic weights in 
favor of atomic numbers as a basis for the classification of the elements. 
Accordingly, the periodic law should be stated as follows: the proper- 
ties of the elements are periodic functions of their atomic num- 
bers. The validity of this statement will become more apparent as 
the student comes to recognize that the atomic numbers are related to 
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atomic structures and that atomic structures, in turn, determine tiu^ 
chemical and physical properties of the elements. 

14.4. Modified Forms of the Periodic Arrangement 

Stimulated by the success of the Mendelyeev classification, many 
chemists have proposed modifications designed to clarify relationships 
not made clear by the Mendelyeev arrangement. These tables 
have appeared in almost every conceivable form including numer- 
ous three-dimensional models. I'^xamples are shown in Figs. 62 and 


Hoi Ha Kb Vb Mb 



Fig. 63. — Periodic arrarigeinent devised by Clark [Journal of Chemical Education^ 
10, 675 (1933)]. The rare earth elements are not included. 

63. Although all these efforts have served useful purposes, it is 
usually found that modifications designed to clarify certain relation- 
ships frequently have the disadvantage of obscuring other relation- 
ships which are portrayed adequately by the Mendelyeev table. 

STRUCTURES OF A FOMS 

, The property of radioactivity suggests that all atoms must be made 
up of units of matter which are themselves even less complex than the 
simplest varieties of atoms. One of these particles, the electron, has 
already been seen to be emitted during the radioactive decay of the 
atoms of certain elements of high atomic weight. Two additional 
so-called fundamental particles will be considered before making any 
inquiry into the internal make-up of atoms and molecules. 
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14.5. Proton 

The exislenee of a unit negative particle of electricity (the electron) 
suggested that there must be a ('orrespondiiig positive unit. h]xperi- 
ments performed by the linglish physicist, Hutlierford (Fig. 64 ), and 
others showed tliat, when certain light elements such as aluminum were 
bombarded by high-veloc ity oj-particles, a new kind of particle was 
emitted from the atoms of the elements used as the “target.” Further 
study demonstrated that these particles bore a positive charge and 
that they were lighter than of-particles. These particles were named 

protons and were found to have a 
mass almost identical with that of 
tlie hydrogen atom, or rnorc^ 
precisely file mass of 

the normal hydrogen atom. TIk^ 
charge on the proton is equal to 
the charge of the electron but is 
opposite in sign. 

14.6. Neutron 

T 3 y experiments similar to 
those which led to the discovery 
of the proton, the bombardment 
of several elements (parti(*ularly 
beryllium) by a-particles was 
shown to result in the emission of 
still another particle of matter 
known as the neutron. As is sug- 
gested by its name, this particle is 
electrically neutral {i.e., it bears 
neither positive nor negative charge). On the sc^ale of atomic weights 
based on the assigned value of 16 for. oxygen, the neutron has a mass 
identical with that of the hydrogen atom. The fact that the mass 
of the proton is f^^;^l845 that of the hydrogen atom plus the fact 
that the mass of the electron is 34^845 that of the hydrogen atom sug- 
gest that the neutron consists of one proton and one electron. 

% 

14.7. Composition of Atoms 

The fact that electrons, protons, and neutrons are produced, when 
different atoms are subjected to conditions so extreme as to cause 
decomposition to occur, leads to the conclusion that these particles of 
matter must be present in the atoms of all the elements. Despite the 
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possibility that other particles (a-particles, for example) may be and 
probably are involved, an adequate interpretation of the structures of 
atoms may for present purposes be made in terms of electrons, protons, 
and neutrons. The properties of these fundamental particles are sum- 
marized in Table 17. 


TABLE 17 

Components of Atoms 


Particles 

Charge 

Mass 

N cii troll 

0 

1 .008 

Electron 

- 

1.008 



1814 

Proton 




14.8. Nature of Atoms 

Knowledge gained from careful experimentation extending over 
many years has led to certain views witli regard to the nature of the 
atoms of the various elements. These ideas may be summarized as 
follows: 

1. An atom of any element is an electrically neutral body contain- 
ing a central nucleus, the dimensions of which are small in comparison 
with the dimensions of the atom as a whole. This nucleus consists 
of protons and neutrons and represents practically the entire mass 
(weight) of the atom. The nucleus of the atom possesses an excess of 
positive charges (protons), and the magnitude of this charge is identical 
with the atomic number of the element. 

2. The extranuc:lear structure {Le., that outside of the nucleus) 
consists of electrons which may be thought of as rotating in orbits 
about the central nucleus in a manner similar to the rotation of the 
planets about the sun. The distance of these orbits (or shells as they 
are sometimes called) from the nucleus depends upon the complexity 
of the atom concerned. Since the normal atom is electrically neutral, 
the number of these electrons must be the same as the positive charge 
on the nucleus, and hence the same as the atomic number of the ele- 
ment concerned. The orbit or shell farthest removed from the nucleus 
may not contain more than 8 electrons. 

Those properties of an atom which are dependent upon mass are 
related to the nucleus of the atom, while the chemical properties are 
determined by the number and arrangement of elec trons outside the 
nucleus. 
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14.9. Diagrams Representing the Structures of Atoms 

In terms of the foregoing ideas, it becomes desirable to attempt to 
represent the structures of atoms by suitable two-dimensional dia- 
grams. Since atoms cannot be seen, it must be recognized that any 
static two-dimensional picture drawn to represent such dynamic 
three-dimensional objects may be very inaccairate. However, these 
diagrams are useful in the interpretation of chemical rea(^tions and in 
gaining some ideas concerning the structures of molecules; hence, the 
use of these diagrams is justifiable. 

Hydrogen Atom. The atomic number of hydrogen is 1, and the 
nucleus of this atom therefore must contain I proton which is indi- 
cated by the letter p in the small circl(‘ that represents the nucleus of 
the hydrogen atom (Fig. 65a). Since the atomic weight of hydrogen 



(oi)-Hvdrogen 



(b)-Helium 



Fio. 65. — ’"diagrams representing the stnictures of the atoms of hydrogen, helium, 

and lithium. 


is essentially 1, this proton alone must make up the entire nucleus of 
the hydrogen atom. This atom is the only kind of atom containing no 
neutrons in the nucleus. Since the hydrogen atom is electrically neu- 
tral, the extranuclcar structure must consist of 1 electron (represented 
by which may be pictured as rotating in an orbit outsvde of the 
nucleus. The hydrogen atom differs from all others in the simplicity 
of its structure. In order to gain a mental picture of the hydrogen 
atom, one need only visualize a single electron rotating in a circular (or 
elliptical) orbit around a nucleus consisting of a single proton. 

Helium Atom. Since the atomic number of helium is 2, there 
must be 2 protons in the nucleus and 2 electrons outside of the nucleus. 
However, 2 protons in the nucleus are insufficient (in terras of mass) to 
account for the fact that the atomic weight of helium is 4. Conse- 
quently, this nucleus must contain 2 neutrons and the structure of the 
helium atom may be represented by the diagram of Fig. 656, where n 
represents a neutron. This diagram implies that the 2 electrons rotate 
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in the same orbit — an implication which may be misleading. Actually, 
all that one wishes to represent by such a diagram is that these 2 elec- 
trons rotate in orbits that are substantially the same distance from the 
nucleus. Furthermore, since these electrons are in motion about the 
nucleus, there seems little to be gained by assigning to each a fixed 
position in the orbit. With but a few exceptions (Sec. 15.7) therefore 
it is sufficient merely to indicate the total number of electrons in the 
orbit, as shown in Fig. 656. 

Lithium Atom. That the nucleus of the lithium atom contains 
3 protons follows from the atomic number of this element. However, 
the atomic weight of lithium is represented by the decimal fraction, 6.9. 
For reasons which will be given in Sec. 15.10, these fractional atomic 
weights may be rounded off to the nearest whole number for the pur- 
poses of the present discussion. Accordingly, the atomic weight of 
Li will be considered to be 7, and there must be 4 neutrons in the 
nucleus of the lithium atom in addition to the 3 protons. The only 
additional complication that arises is the fact that the orbit nearest the 
nucleus may not contain more than 2 electrons and, from its atomic 
number, the lithium atom is seen to have 3 electrons. The third elec- 
tron must necessarily rotate in an orbit farther removed from the 
nucleus, as shown in Fig. 65c. 

The case of lithium naturally raises the question as to the limita- 
tions on the number of electrons that may be represented as rotating 
in any given orbit. This information is given in Table 18 where the 
orbits are listed in increasing order of distance from the nu^^ieus. 


TABLE 18 

Maximum Numbers of Electrons in the Various Orbits 

Number of 

Orbit Electrons 

First 2 

Second 8 

Third 18* 

Fourth 32 

Fifth 18 

Sixth 8 


* It must be kept in mind that the outermost orbit may never contain more than 8 eleotrona. 
Thus, if a given atom involves only three orbits, 8 (and not 18) is the maximum number of electxons. 
Id order for the third orbit to contain more than 8 electrons, addiUoual orbits beyond the third are 
necessary. 


Struoftures of Other Atoms. Although the preceding examples 
provide a basis for the representation of the structures of other atoms, 
any further discussion of atomic structmes can be presented most 
profitably in relation to the periodic arrangement of the elements. 
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EXERCISES 

1. What advantages are involved in classifying the elements in terms of atomic 
numbers rather than on the basis of atomic weight? 

2. State the periodic law. 

3. List the so-called fundamental particles of which all atoms are composed and 
indicate the mass and charge of each. 

4. By referring only to the list of atomic weights and atomic numbers given on 
the inside front cover of this book (and without referring to any of the diagrams 
given in this or any other chapter) draw complete diagrams representing the 
structures of the elements having atomic numbers 1 to 20, inclusive. 

5. Why is the chemist usually more interested in the extranuclear structures of 
the atoms than in the composition of their nuclei ? 

6. In terms of the structures of atoms, what is the significance of the atomic 
numbers? 

7. Identify each of the following and describe briefly the nature and properties 
of each : (a) a-particle, (6) y-ray, (c) /8-particle. 

8. If the electrons in the various orbits are subject to the attractive force of the 
positively charged nucleus, offer an explanation for the following facts: (a) In the 
main family of Group I, chemical activity increases with increase in atomic number. 
(b) In the main family of Group VII, chemical activity decreases with increase in 
atomic number. 
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CHAPTER XV 

ATOMIC STRUCTURE AND THE PERIODIC TABLE 


The factual information incorporated in the periodic arrangement 
of the elements does not, as such, offer any explanation as to why cer- 
tain elements exhibit similarities in chemical and physical properties. 
Following the development of the periodic classification, chemists and 
physicists soon came to recognize that its very existence must be 
possible only as a result of similarities and regularities among the 
structures of the various kinds of atoms. It is a matter of some impor- 
tance therefore to see whether the foregoing ideas concerning the 
structures of atoms may be correlated with, and used to explain, the 
relationships portrayed by the periodic table. 

15.1. Structures of the Elements of the Two Short Periods 

Diagrams representing the atoms of the elemimts of the tw o short 
periods are given in Fig. 66. An inspection of the regular addition of 
th(i electrons to the second orbit as one proceeds from Li to F and, 
in the second period, from Na to Cl reveals a perfect regularity in the 
development of these orbits. This regularity is consistent with the 
progressive trend from metallic to nonmetallic properties, a trend 
which has already been discussed. 

Figure 66 also shows that in any vertical group the total number of 
electrons in the oulermost orbit is the same. Thus, in Group II, Be 
and Mg each have 2 electrons in the outermost orbit, and tliis similarity 
in structure is responsible for the chemical similarity exhibited by these 
two elements. However, Be and Mg are not identical, and one would 
not expect them to be so for the reason that the Mg atom has, between 
its outermost orbit and its nucleus, a completed orbit of 8 electrons not 
possessed by Be. Furthermore, the nucleus of the Mg atom is heavier 
than that of the Be atom, and consequently a difference in physical 
properties is observed. If one should draw a diagram of the calcium 
atom (atomic number 20) this structural similarity w^ould be seen to 
extend to Ca and finally to Sr, Ba, and Ra. What has been said of 
Group II applies also in the case of other vertical groups, 

I 

15«2. Transitional Elements 

The sometimes striking lack of similarity between the elements of 
a main family and its subgroup has already been indicated. In Group 
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^ Presently available evidence indicates that elements 90 to 96 (inclusive) are members of a second series of rare earth elements. 
Rare earth dements: 58 59 60 61 62 63 64 65 66 67 68 69 70 
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VI, for example, the subgroup consisting of the transitional elements 
Cr, Mo, W, and U show certain marked resemblances to the main 
family (0, S, Se, Te, and Po), and these resemblances imply that all 
nine of these elements must have 6 electrons in their outermost orbits. 
On the other hand, the differences tliat become apparent when one 
compares the properties of the subgroup elements with those of the 
main-family elements are the result of a property possessed by all 
transitional elements, i.e., in the atoms of all transitional elements, the 
two outermost orbits are incomplete or imperfect. It is not surprising 
that these elements should exhibit some properties not found among 
elements having only one incomplete orbit. 

The elements of Group VIII are also transitional (dements which 
show trends in properties similar to the gradations found in any other 
group. Thus, Fe, Ru, and Os constitute a triad of striu'lurally 
related atoms, consequently, they are similar in chemical and physical 
properties. The relationship between the Group VIII elements and 
the other transitional elements is shown best by a periodic table of the 
type given in Fig. 67. 

15.3. Rare-earth Elements 

In the fifth period between La (Group III, subgroup) and Hf 
(Group IV, subgroup), the 14 elements representing atomic*, numbers 
58 to 71 are omitted and are listed separately at the bottom of the 
table (Fig. 53). These are known as the rare-earth elements and are 
most noted for their striking chemical similarity. The chemical and 
physical properties of these elements are so much alike that their 
separation from one another is an exceedingly arduous task. With 
only very few exceptions they exhibit a valence of three and behave 
in general somewhat like the other elements of the subgroup of Group 
III. These elements differ in structure from all other elements in that 
the atoms of the rare-earth elements have three incomplete or imper- 
fect orbits. 

It is an interesting and significant fact that practically all positive 
catalysts are found among the elements having two or more imperfect 
orbits, i.e., the transitional or rare-earth elements or their compounds. 

15.4. Structures and Properties of the Inert Gases 

The preceding discussions have called attention to the existence of 
three classes of elements having either one, two, or three incomplete 
outer orbits. A fourth class consists of those elements which have no 
incomplete or imperfect orbits, riz., the inert gases. The numbers of 
electrons in the orbits of these elements are given in Table 19. 
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TABI.E 19 

Arrangement of Electrons in the Atoms of the Inert Gases 


Element 

Atomic number 

Number of electrons 
in each orbit 

He 

2 

2 

Ne 

10 

2, 8 

A 

la 

2, 8, 8 

Kr 

36 

2, 8, 18, 8 

Xe 

51 

2, 8, 18, 18, 8 

Rn 

86 

2, 8, 18, 32, 18, 8 


Comparison with Table 18 (Sec. 14.9) will show that each inert gas 
possesses the maximum possible number of electrons in each orbit 
present in the particular case. 

The structures of the atoms of the inert gases are extremely stable 
and represent a condition that may be described as chemical satisfac- 
tioTL These atoms have no imperfect orbits and are quite content to 
remain as they are. Consequently, as compared with atoms possessing 
one or more imperfect orbits, the inert gases exhibit little if any tend- 
ency toward participation in chemical changes. This, of course, is the 
reason why they are called inert gases. 

15.5. Compound Formation 

Just as the absence of uncompleted orbits results in chemical 
inactivity, so the presence of an orbit containing less than the maximum 
possible number of electrons is related to those tendencies which result 
in compound formation through the union of atoms of the elements. 
Ill their reactions, the atoms of the various elements tend to achieve 
the extranuclear structure of the nearest inert gas. The formation of 
compounds, therefore, may be looked upon as a manifestation of this 
tendency for each atom to acquire the stable arrangement and number 
of electrons that characterize the inert-gas structures. In the broadest 
sense, there are three ways in which this may be accomplished: 

1. Two or more atoms may combine by a process in which one kind 
of atom loses certain electrons and the other kind of atom gains these 
electrons. This process results in the formation of what is known as 
an ionic compound (Sec. 15.6). 

2. Chemical union may occur by a process in which two or more 
kinds of atoms share electrons, and the compounds so produced are 
said to be covalent compounds (Sec. 15.7). 

3. Compounds may be formed by a combination of the loss-gain 
and sharing processes. That is, two or more kinds of atoms may unite 
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in a manner such that the chemical union is accomplished in part owing 
to loss and gain of electrons and in part owing to the sharing of elec- 
trons. Such compounds may be said to illustrate intermediate types 
(Sec. 15.8) since they are intermediate between the ionic and covalent 
types. 

15.6. Ionic Compounds 

The formation of an ionic corppound by the loss and gain of elec- 
trons may be illustrated by the combination of lithium and fluorine. 
The neutral lithium atom has 1 electron in its outermost orbit and, if 
it could lose this 1 electron, the resulting extranuclear structure would 



Lithium atom Fluorine atom Lithium ion Fluoride ion 


(b) Li 


DX-T 


Li*’ + F® — ► 

Fig. 68. — Three methods of representing the formation of lithium fluoride. 

become like that of the nearest inert gas, helium. On the other hand, 
the neutral fluorine atom has 7 electrons in its outermost orbit and can 
therefore achieve an extranuclear structure like that of the inert gas, 
neon, provided that the fluorine atom can acquire the electron lost 
by the lithium atom, as shown in Fig. 68a. It will be observed that the 
only parts of these 2 atoms that appear to be involved in this chemical 
change are the electrons in the outermost orbits. Hence for con- 
venience, one may equally well represent the reaction by using the sym- 
bols for the elements and surrounding these symbols by dots which 
represent the electrons in the outermost orbits as shown in Fig. 686. 

Ions. As is shown by Fig. 68a, the object that is formed when the 
neutral lithium atoms loses an electron possesses an excess of 1 proton 
(Le., 3 protons and 2 electrons) and hence is not an electrically neutral 
body. An atom (or radical) that bears an electrical charge is called 
an ion. Thus a positive ion is formed when a neutral lithium atom 
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loses an electron and a negative ion is formed when a neutral fluorine 
atom gains an electron. It follows that the combination of lithium and 
fluorine may be represented as shown in Fig. 68c, in which the zero 
superscripts represent the electrical neutrality (zero charge) of the 
original neutral atoms and in which the ions of the compound, lithium 
fluoride, are represented as being held together by the attraction of 
their unlike charges. It follows that ions must be produced when 
atoms lose and gain electrons; hence the name, ionic compounds. 

Figures 68a, 6, and c represent merely three different methods of 
describing the ^ame reaction and differ only to the extent to which the^' 
provide varying degrees of complete and detailed information. To 
provide additional examples of the schematic representation of the 

Na + . S * + Na — *■ j^Na J ^ l] J 

Fkj. 69. — T^he formation of sodium sulfide. 

;a: + i; . raj [:a:J [BeX*[:;ci:]‘ 

Fig. 70. — The formation of beryllium chloride. 

. :s: [M,]- [rV.f 

Fk;. 71. — The formation of magnesium sulfide. 

formation of ionii* compounds, the formation of sodium sulfide, beryl- 
lium chloride, and magnesium sulfide are shown in Figs. 69, 70, and 
71, respectively, 

15.7. Covalent Compounds 

The formation of the covalent compound, water, is represented by 
Fig. 72. Each hydrogen atom requires one additional electron in 
order to achieve a structure similar to that of helium while the oxygen 
atom needs two additional electrons in order to acquire an extranuclear 
structure like that of the neon atom. As shown in Fig. 72, these 
requirements are met if each hydrogen atom shares its 1 electron with 
oxygen while, at the same time, each hydrogen atom is permitted to 
share one of the electrons originally belonging to the neutral oxygen 
atom. This type of chemical union may be thought of as involving an 
“overlapping of orbits” in which the union is established by a “shared 
pair of electrons” (shown surrounded by dotted lines in Fig. 72) and 
in which this pair rotates at the same time in the outermost orbits of 
both the atoms concerned. In effect, the oxygen atom now has 8 
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electrons rotating in its outermost orbit while, simultaneously, 2 elec- 
trons are functioning in the orbits of each of the 2 hydrogen atoms and 
each kind of atom has achieved structural similarity to the nearest inert 
gas. Since this appears to be a situation involving no actual loss and 



Hydrogen Oxygen Hydrogen , , 

atom atom atom molecule 

Fig. 72. — A inethod of representing the formation of water from hydrogen and 


oxygen. 

H* + .V* + ‘H — H : o’; H 

• • • • 

Fig. 73, — A simplified method of representing the covalent union of hydrogen and 

oxygen. 



Fig* 74. — Diagram illustrating the mode of formation of the covalent compound 

chloroform, CHCI3. 

gmn of electrons, it follows that ions are not formed in the process of 
the establishment of a true covalent combination. 

Again, it is seen that only the electrons in the outermost orbits are 
involved; consequently, the reaction may be represented as shown in 
Fig* 73* Another example of a covalent combination is shown in Fig. 




Sec. 15.8] ATOMIC STRUaURE AND THE PERIODIC TABLE 


187 


74, in which 1 atom of carbon is sliown in combination with 1 atom of 
hydrogen and 3 of chlorine in the covalent compound, chloroform. 

Elemental Gas Molecules. The molecules of the elemental 
gases have been shown to contain at least 2 atoms each (Sec. 7.3). In 
the light of the preceding ideas, the structures of these molecules may 
now be represented diagrammatically, as shown in Fig. 75. These 
cases provide additional examples of covalent combination. From 
these diagrams, one may also see that at least 2 and only 2 atoms need 
to be involved in each molecule. Since, upon forming a covalent 
union, any two such atoms possess enough electrons so that, by sharing, 
the requirements of each atom can be met without the involvement of 
a third atom. In the cases of hydrogen and chlorine, the mutual 
utilization of only one pair of electrons (one from each atom) is all 
that is necessary, while in the case of oxygen a total of 4 electrons 



Hvcirogen molecule Oxygen molecule Chlorine molecule 


Fig. 75. — Elemental gas molecules. 

(two from each atom) is required if each oxygen atom is to achieve a 
stable inert-gas structure. Similar diagrams may be drawn to repre- 
sent the molecules of gases such as nitrogen or fluorine, 

15.8. Intermediate Types 

As has already been suggested in the preceding section, molecules 
may be formed in a manner such that both “loss-gain” and “sharing” 
of electrons will contribute simultaneously to the establishment of the 
chemic^al union. Thus, between the strictly ionic and the strictly 
covalent types of compound, there is possible a wide variety of so-called 
intermediate types. Such compounds are commonly designated in 
terms of the process that is involved to the greater extent. For exam- 
ple, if a compound is formed largely by the loss-gain process, the 
compound is said to be predominantly ionic. Similarly, predominantly 
covalent compounds are those in which the process of sharing of elec- 
trons plays the predominant role. Although no effort need be made 
to represent the structures of intermediate types, it is of importance to 
recognize the existence of such compounds which, after all, constitute 
the great majority of known inorganic chemical substances. 
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15.9. Valence and the Periodic Table 

The relationship between the valence of an element and its position 
in the periodic classification may be clarified by a consideration of the 
following facts: 

L/The number of electrons in the outermost orbit of any atom that 
exjhfnits chemical activity is the same as its vertical periodic group 
^^umber (see Fig. 66). 

2. Most commonly, the electrons in the outermost (or exposed) 
orbit are those involved in compound formation (see Figs. 68 to 74). 

3. Valence has been described as a measure of combining power 
or combining capacity, and this power or capacity must depend upon 
the number of available electrons that an atom may possess in its 
exposed orbit. 

4. Consequently, the valence of an element must be related to its 
position in the periodic table which in turn is dictated by the number of 
electrons in the outermost orbit of the atoms of that element. Accord- 
ing to this line of reasoning, sodium should (and does) have a valence 
of one, aluminum should (and does) have a valence of three, etc. 
However, this idea cannot be pursued too far as may be shown by the 
following consideration of the case of sulfur. 

Variable Valence. The sulfur atom (periodic Group VI) has 6 
electrons in its outermost orbit and hence sliould be expected to exhibit 
a valence of six. Although sulfur does have a valence of six in many 
of its compounds {e.g,, SFe), the valence of this element {e.g,, in the 
compound HoS) is commonly two. Similarly, the valence of sulfur 
is four in the compound SO 2 . Thus, it appears that the sulfur atom 
(and other kinds of atoms as well) can form stable compounds in which 
some of the electrons in the outermost orbit are not involved. The 
inescapable conclusion is that the valence of an element is the same as 
its periodic group number only when the element exhibits its maximum 
valence. An element, therefore, may exhibit variable valence by 
utilizing only a part of the electrons present in the outermost orbit of 
its atoms. 

Among the transitional and rare-earth elements, variable valence 
may also appear for the reason given above and for an additional 
reason as well. In some cases, these elements may, in compound 
formation, utilize not only the electrons in the exposed orbits, but also 
one or more electrons from an orbit between the exposed orbit and the 
nucleus. 

Electrovalence and Covalence. In terms of the two processes 
that may be concerned in the formation of compounds, it is necessary 
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to recognize at least two kinds of valence, viz.^ electrovalence and 
covalence, which may be explained as follows: 

The number of electrons lost or gained by an atom (or radical) is 
taken as a measure of electrovalence which is designated as positive 
or negative depending upon whether a positive or negative ion is 
formed. For example, if a calcium atom loses 2 electrons, it is said 
that the resulting calcium ion has a positive valence of two; and^if 
those 2 electrons are gained by a sulfur atom, the resulting sulfur ion 
has a negative valence of two. 

The total number of pairs of electrons shared by a given atom 
is a measure of the covalence of that atom. Thus, in the covalent 
compound SiF 4 , the silicon atom has a share in four pairs of electrons 
and is tlierefore said to have a covalence of four. Each fluorine atom, 
however, has a share in only one pair of electrons and consequently 
has a covalence of one. Similarly in the water molecule (Sec. 15.7) 
oxygen has a covalence of two and hydrogen a covalence of one. 

15.10. Isotopes 

For the purpose of drawing diagrams of the atoms of the elements 
(Sec. 15.1) the atomic weights in certain cases were taken as the nearest 
whole number. It was once believed that the atomic weights of all 
the elements should be represented by whole numbers and that frac- 
tional atomic weights were due to errors in the determination of 
atomic weights by chemical methods. However, discoveries made by 
the English physicists, J. J. Thomson and F. W. Aston, proved that the 
fractional atomic weights were correct and offered a means of explain- 
ing those cases in which the atomic weights are not represented by 
whole numbers. 

By methods that need not be described here, Thomson and Aston 
demonstrated that the atoms of certain elements are not all alike. 
For example, the atomic weight of the element nitrogen as found by the 
examination of ordinary nitrogen gas by chemical methods is 14.008. 
However, nitrogen has been shown to exist in the form of nitrogen 
atoms of atomic weight equal to 14 and nitrogen atoms having the 
weight of 15 and, in nature, the latter is present always (and only) in 
such quantity as to make the average atomic weight equal to 14.008. 
Since these two kinds of nitrogen atoms differ only with respect to 
weight, they differ only with regard to the number of neutrons in the 
nucleus. This being true, the atomic numbers and the extranuclear 
structures must be the same; hence the two are identical so far as their 
chemical properties are concerned. Atoms having the same atomic 
number but different atomic weights are called isotopes. Diagrams 
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of the two isotopes of nitrogen are shown in Fig. 76. From the preced- 
ing discussion, it should not be inferred that the weights of isotopes are 
exactly whole numbers. For example, the weight of chlorine 35 is 
actually 34.98054. 

Similarly, it has been shown that most of the elements consist of 
mixtures of isotopes. Chlorine consists of two isotopes (Fig. 77) ; cal- 
cium, 4; tin, 10; etc. A complete list of known stable isotopes is given 
in the Appendix. Inspection of this list will reveal that, so far as is now 

known, only a few elements (lie, 
^ consist entirely 

of atoms all of which are the same, 
i I ( ) I 1 I'Airther, it will be seen that some 

\ / J elements having whole-number 

atomic weights consist of mixtures 

^ ^ . of isotopes. For example, carbon 

Fig. 76. — Isotopes of nitrogen. . ^ . . . , 

(atomic weight = 12) consists ot 

isotopes having weights of 12 and 13, but tlie quantity of the heavier 

isotope present is so small that its presences cannot be detected by the 

chemical methods used in determining the atomic weight of carbon. 

Heavy Water In recent years, hydrogen has been shown to con- 
sist of a mixture of isotopes having masses of one, two, and three. 
The isotope having a mass of two has been given the name, deuterium. 
From the diagrams of Fig, 78, it will be seen tliat deuterium differs 
from ordinary hydrogen only in that the former contains 1 neutron in 
the nucleus and this, of course, accounts for the difference in mass. 



Fig. 77. — Isotopes of chlorine. 


The symbol D is used to represent deuterium, and the element hydro- 
gen is the only one for whose isotopes chemists have adopted separate 
names and symbols. Justification for the use of a separate symbol for 
deuterium can be found, perhaps, in the fact that this is truly a unique 
case since the two isotopes concerned exhibit a 100 per cent difference 
in mass. 

Deuterium oxide (D 2 O) represents a variety of water known as 
heavy water. As would be expected, this compound is chemically much 
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ium. In the study of these more or less complex series, it is convenient 
to express the rates of radioactive change in terms of periods of half 
life. By a half-life period is meant the time required for one-half of a 
given weight (such as 1 g.) of an element to undergo radioactive decay . 
The half-life period of radium has been found to be 1590 years. The 
uranium series is shown in Fig.^79, which includes the half-life periods 
and indi('ates the nature of the accompanying radiations. 

Definition of the Term Element. Studies that have been pur- 
sued since the term element was first defined (Sec. 1.5) have led to the 
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Fig. 79. — The uranium decay series. Within each circle is given the symbol 
of the element of which the particular series member is an isotope, together with 
the mass number. Below each circle is given the common name and the period 
of half life, where y = year, d == day, m — minute, and s = second. 


conclusions that certain of the elements are unstable in the sense that 
they undergo spontaneous radioactive change. Furthermore, it is 
recognized that each element consists of atoms, all of which are not 
necessarily alike, and these facts suggest that the previously stated 
definition may be somewhat ambiguous. Since the chemical properties 
of an element depend upon the extranuclear structure of the atoms of 
the element and because the extranuclear structure is related to the 
atomic number, the term element may be defined most satisfactorily 
in the following manner: An element is a substance consisting 
entirely of atoms having the same atomic number. This defini- 
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tion is entirely satisfactory in the sense that it implies no conflict with 
the existence of isotopes and the facts of radioactivity. 

EXERCISES 

1. Into what four groups may the elements be divided in terms of the number 
of incomplete or imperfect electronic orbits? 

2. Distinguish between the following terms: (a) atom and ion, (6) electro- 
valence and covalence. 

3. Explain clearly how the chemical behavior of the other elements is related 
to the chemical inactivity of the elements of Group 0. 

4. In what possible ways may atoms unite to form compounds? 

5. What is the essential difference between an ionic compound and a covalent 
compound? 

6. By means of suitable diagrams, represent the complete structure of (a) the 
ionic compound CaCh, (b) the covalent compound CH4. 

7. Show at least three ways of representing the formation of the ionic com- 
pound, calcium fluoride. 

8. Show two different means of representing the formation of 1 molecule of 
nitrogen from 2 atoms of nitrogen. 

9. In what two ways may certain elements exhibit variable valence? 

10. Explain the meaning of the following terms: (a) isotope, (6) period of half 
life, (c) heavy water. 

11. Why are the isotopes of an element not considered to be separate eleitients? 
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CHAPTER XVI 

NUCLEAR CHEMISTRY 

The topics considered in the preceding two chapters have been con- 
cerned almost exclusively with the extranuclear structure of the atom. 
Reference has been made to the nucleus only to the extent of recogniz- 
ing it as the location of the gross mass of the atom and accounting for 
this mass in terms of protons and neutrons when there has been 
occasion to represent the structures of atoms by means of diagrams. 

Discoveries made during the past thirty years, and more particu- 
larly during the past decade, have served to focus attention upon 
changes which may be brought about in the nuclei of many different 
kinds of atoms. These discoveries are of such far-reaching importance 
that they have influenced or will influenc^e greatly practically every 
phase of the physical and biological sciences. Accordingly, it seems 
appropriate that the student should begin to become familiar with the 
subject of nuclear chemistry in the elementary course. 

16.1. Transmutation of the Elements 

For very many years, the alchemist’s dream of changing base metals 
into gold was ridiculede ven by the most reputable of scientists. Although 
it was known that the nuclei of certain atoms undergo alteration in the 
course of natural radioactive decay, man’s inability to exercise any 
control over the nature or rate of these spontaneous decompositions 
probably did much to foster the belief that the nucleus of the atom was 
inviolate. However, in the year 1919 the English physicist, Rutherr 
ford (Fig. 64), accomplished the first transmutation of an element, and 
this notable discovery was quickly followed by other equally significant 
developments. 

Using radium as a source of alpha particles, Rutherford bombarded 
nitrogen with these particles and converted the nitrogen to an isotope 
of oxygen. It will be recalled that alpha particles are helium nuclei 
bearing two positive charges and that the nucleus of the nitrogen atom 
bears a positive charge. However, the speed and energy of these 
alpha particles are such that a few of them could overcome the repulsive 
force of the nitrogen nuclei and thus strike these nuclei in “direct 
hits.” The products of the interaction of nitrogen and alpha particles 
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proved to be oxygen atoms and protons, or in terms of a common 



scheme of notation used in representing nuclear reactions. 

In this equation, the subscripts represent nuclear charge and the super- 
scripts represent the mass. As must be true in any equation, the sums 
of the masses and charges on the left of the arrow are equal to those 
on the right. 

It will be noted that the transmutation of nitrogen leads to a kind 
of oxygen which is different from ordinary oxygen to the extent of hav- 
ing an additional neutron in the nucleus, hence a mass of 17 rather than 
the more usual 1 6. 

As will be evident from the following paragraphs, Rutherford’s 
accomplishment of the first transmutation led to the discovery of many 
similar transmutations, examples of which will be given in tlie following 
paragraphs. 

16.2. Artificial Radioactivity 

Fifteen years after Rutherford’s transmutation of nitrogen, an 
equally if not more significant experiment was conducted successfully 
by Frederic and Irene Curie Joliot. They bombarded boron with 
alpha particles and produced nitrogen in a manner shown by the 
equation, 

The remarkable feature of this transmutation was the fact that the 
nitrogen isotope produced was radioactive. These nitrogen atoms of 
mass 13 (rather than 14) underwent radioactive decay by emission of 
positive electrons, or positrons , to form stable carbon atoms of mass 13, 

where represents the positron. For the first time, an artificial radio- 
active isotope had been produced, and its decay was found to occur in a 
manner wholly analogous to the decay of the naturally radioactive 
elements. 

The discovery of artificial radioactivity stimulated a vast amount 
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of experimental work by both physicists and chemists. That this work 
has been productive is shown by the fact that several hundred artifi- 
cially radioactive isotopes are now known, which include isotopes of 
practically every known element. 

16.3. Methods for the Inducement of Nuclear Transformations 

Both of the nuclear reactions cited above have been brought about 
through the use of alpha particles as the “bullets” by means of which 
the nuclei of nitrogen and boron atoms were bombarded. This raises 
the question as to whether other minute projectiles such as neutrons 


Fig, 80 . — The 60 -in. cyclotron located at the Radiation Laboratory, Berkeley 
Campus, University of California. (Courtesy of Dr. Donald Cooksey.) 

or protons might not be used similarly to induce nuclear transforma- 
tions. These and other particles have indeed been used in this manner. 
The nuclei of deuterium atoms are known as deuterons (usually repre- 
sented by d), and these too have been used extensively. Nuclear reac- 
tions have been brought about also by the use of gamma rays. 

It has already been pointed out that the bombardment of a posi- 
tively charged nucleus with positive ions, such as the alpha particle, 
the proton, oy the deuteron, suffers the disadvantage inherent in the 
repulsion of like charges. One means of increasing the percentage of 
effective ‘^hits” is found in increasing the kinetic energy of these 
“ionic bullets.” Of several methods of providing these high-energy 
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projectiles, the cyclotron (Fig. 80) has proved to be the most useful. 
This instrument was invented by E. 0. Lawrence in 1932, and for this 
invention he was awarded the Nobel prize in 1940. The cyclotron is 
a device in which positive ions are accelerated in a powerful magnetic 
field until they attain velocities of the order of thousands of miles per 
second. The use of such an instrument not only makes possible the 
use of particles other than the alpha particles from naturally radio- 
active elements but also serves to increase the fraction of effective 
impacts between ionic bullets and nuclear “targets” that bear like 
charges. 

Through the use of alpha particles, neutrons, etc., many nuclear 
reactions have been induced since Rutherford’s demonstration of the 
first transmutation. Examples of several different types of nuclear 
reactions are given below, but no effort is made here to illustrate all 
the types that are known to occur. 

An additional example of a nuclear reaction involving bom- 
bardment by means of alpha particles is found in the production of 
radioactive carbon of mass 14. 

This isotope has a half life of more than 1000 years and is most likely to 
find widespread use in the study of carbon compounds. Ot her radio- 
acti ve isotopes of carbon having masses of 10 and 1 1 have been produced 
but tlioir periods of half life (8.8 sec. and 21 min., respectively) are so 
short as to render them relatively much less useful. Another example 
of the use of alpha particles to induce a nuclear reac tion is the con- 
version of aluminum to radioactive phosphorus. 

i5P^^ + on^ 

Nuclear reactions induced by bombardment with protons and by 
deutrons are illustrated by the following examples: 

4Be« + ipi ^ 

and 

saAs^^ + 1^2 asAs^® + ip^ 

loNe^o + id' + 2a' 

Of the many known nuclear reactions induced by neutrons, the 
following will serve as examples of typical cases: 

47Ag^^7 + oni->47Agi®« 

168^2 + ^ ^pl 

isAP^ -f — > iiNa^^ + 30:^ 

+ oni + 2oni 
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Other examples of similar reactions will be given in the following 
sections. 

16.4. Characteristics of Nuclear Reactions 

From the foregoing discussion and illustrations, one might gain the 
erroneous impression that a given bombardment produces only one oi’ 
two products. Such is indeed not generally true. Ordinarily, the 
bombardment of any given element with a particular projectile results 
in the occurrence of several diflerent nuclear reactions, and it may not 
be possible to predict which of these competing reactions will ocxmr to 
the greatest extent. Furthermore, the efficiency of utilization of the 
projectihis is usually extremely low; only one out of 10,000 to 1,000,000 
projectiles may suffer an effective impact with a target nucleus. For 
these and other reasons, a given set of conditions used in a bombard- 
ment may result in only an extremely low yield of the desired product, 
while in other cases the yields are surprisingly high. It should be kept 
in mind that the science of nuclear transformations is relatively new 
and that many of the presently existing difficulties and uncertainties 
will undoubtedly be resolved by future experimental work. 

The occurrence of a nuclear reaction may involve either the absorp- 
tion or release of energy ; hence the terras endoihermal and exothermal 
are applicable. However, it must be recognized that there is an 
important difference between the energy changes involved in nuclear 
reactions and those in ordinary chemical changes. In relation to the 
masses of matter that undergo transformation, the energy changes in 
nuclear reactions are enormous in comparison with those which accom- 
pany ordinary chemical reactions. 

It is a significant fact that the products of nuclear transformations 
are by no means restricted to isotopes that occur in nature. The ele- 
ment carbon, for example, exists in nature as a mixture of (98.9 per 
cent) and (1.1 per cent). The production of the artificially 
radioactive isotopes and has been mentioned pre- 

viously, and these isotopes are not known to occur in nature. Although 
there are limitations as to the variety of isotopes of a given element 
which may be produced, it is evident that isotopes now known and 
those which will be produced in the future will become extremely use- 
ful tools in the solution of a wide variety of problems. From the stand- 
point of practical utilization, it is desirable to have available radioactive 
isotopes of appreciable half life. If one wished to conduct a prolonged 
chemical experiment involving a radioactive isotope having a half 
life of a few seconds or even a few minutes, the bulk of the original 
quantity of the isotope employed would have undergone radioactive 
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decay before the experiment could be completed. The advantages of 
using an isotope having a half life of hours, days, or even years are 
self-evident. 

When the products of nuclear transformations are radioactive, they 
can be detected and determined quantitatively in terms of the radia- 
tions that characterize their radioactive decay. Instruments have 
been developed for the measurement of the quantities of radioactive 
isotopes present in given samples, and these methods are much more 
rapid and convenient than typical laborious chemical analyses. 

One may rightfully raise the question as to why some products of 
nuclear reactions are radioactive while others are not. The answer to 
this question is concerned with the matter of stability of atomic nuclei. 
Essentially, any radioactive element whether artificial or natural is to 
be looked upon as abnormal. A nucleus that undergoes radioactive 
decay is in an unstable condition, and the process of decay always 
leads to stable isotopes. This tendency toward the achievement of 
stability is illustrated by the stepwise decay of naturally radioactive 
uranium to form stable isotopes of lead (Sec. 15.11) and the formation 
of stable carbon by the decay of artificially radioactive nitrogen (Sec. 
16.2). Although the conditions resulting in the instability of atomic 
nuclei are fairly well understood, further consideration of these factors 
is beyond the scope of the present discussion. 

16.5. Tritium 

The existence of an isotope of hydrogen having a mass of 5 and 
known as tritium was mentioned in Sec. 15.10. This isotope is present 
in ordinary hydrogen but at a concentration so low that its isolation 
presents very great difficulties. 

By means of suitable nuclear transformations, tritium has been 
produced under experimental conditions such that the isolation of this 
isotope is less difficult than its isolation from natural sources. Thus 
tritium (symbol, T) may be formed by bombardment of deuterium 
with deuterons, 

J)2 + ^ + IP^ 

or better, by bombardment of lithium with neutrons, 

sLi® + 0^^ iT® + 2^^ 

Tritium is also reported to be one of the products obtained by bom- 
bardment of fluorine, beryllium, antimony, copper, or silver with 
deuterons, or the bombardment of boron and nitrogen with neutrons. 

Tritium is the simplest known radioactive isotope. It decays by 
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emission of beta particles to form an isotope of helium and has a half 
life of 31 years. 

16.6. Elements 85 and 87 

In Table 16 (14.3) no commitment was made with respect to the 
discovery of the elements of atomic numbers 85 and 87. Numerous 
claims have been made to the discovery of these elements in naturally 
occurring minerals, but most of these claims have failed of confirmation 
because of the use of unsound experimental methods or faulty inter- 
pretation of experimental results. 

In 1940 Corson, Mackenzie, and Segre of the University of Cali- 
fornia announced the production of a radioactive isotope of element 
85 (the last member of the halogen family) by bombardment of bismuth 
with alpha particles. 


86 ( )^^^ + 2on^ 

The quantity of the isotope produced in this manner was extremely 
small but nevertheless sufficient to permit study of some of the chemi- 
cal properties of this element and its somewhat unusual radioactive 
decay. Relatively recent claims to the discovery of isotopes of ele- 
ment 85 have been made also by Hulubei and Chauchois in 1939 and 
by Minder in 1940. It cannot now be stated with certainty as to who 
will be credited ultimately with the discovery of this element. 

Hulubei in 1936 and Percy in 1937 announced the discovery of 
naturally radioactive isotopes of element 87, which is the last member 
of the family of alkali metals. It is possible that both of these claims 
will be confirmed and that element 87 will be isolated eventually from 
mineral sources. In any event, one may predict with confidence that 
isotopes of element 87 will be produced by nuclear transformations, 
if in fact such has not been done already. 

16.7. Neptunium and Plutonium 

In 1939, McMillan and Abelson reported the production of the 
first element having an atomic number greater than that of uranium 
(atomic number 92). By bombarding uranium with neutrons, they 
produced an element of atomic number 93 which later was named 
neptunium (Np). The formation of neptunium depends upon capture 
of a neutron by an atom of to form which decays by 

emission of beta particles. 

92 U 2 ^® 4 . ^U2a9 

> asNp**® + 
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McMillan and Abelson predicted that the radioactive element 
would decay by emission of beta particles to form an element of atomic 
number 94. This prediction was soon confirmed by the work of Sea- 
borg, McMillan, Wahl, and Kennedy who produced element 94 and 
made detailed studies of its chemical properties. To this new element 
was assigned the name plutonium and the symbol Pu. 

g3Np239 ^^p^239 + 

Further emphasis on the importance of the element plutonium will 
be encountered in Sec. 16.9. 

16.8. Nuclear Fission 

The fact that uranium is capable of undergoing a process known as 
fission was discovered as an indirect result of the use of neutrons as 
projectiles in the production of artificially radioactive isotopes. At 
the University of Rome, the Italian physicist, Fermi, bombarded many 
different elements wit h neutrons and thereby produced a considerable 
number of new radioactive isotopes. The use of neutrons as projec- 
tiles has the distinct advantage that the collision of these uncharged 
particle^s with nuclei is not hindered by the repulsion of like charges. 
Largely for this reason, the use of neutrons has been most fruitful in 
the inducement of nuclear transformations; in fact, helium is the only 
available element having stability sufficient to resist transmutation by 
bombardment with neutrons, 

Fermi’s bombardment of uranium by neutrons led to radioactive 
products which for a time were believed to be the then unknown ele- 
ments 93 and 94 (Np and Pu), In 1939, however, the German chem- 
ists Hahn and Strassman proved that one of the products of the 
bombardment of uranium with neutrons is an isotope of barium. Since 
the atomic weight of uranium is nearly twice that of barium, it Was 
immediately apparent that the uranium atoms must have undergone 
a process of cleavage into at least two smaller fragments. The dis- 
covery of the “splitting” or fission of uranium by Hahn and Strassman 
led to a vast amount of efl'ort directed toward the identification of 
other “fission products” of uranium. Many have been identified and 
the following are cited merely as a few examples: Kr, Y, Sr, Rb, Zr, 
Se, La, Sn, Cb, Te, Ce, Mo, Br, etc. 

It has been found that the occurrence of fission in uranium is due 
to the presence of 92 U 2 ®‘^ which makes up only 1 per cent of 

natural uranium. It has been learned also that other elements such 
as thorium, protoactinium, neptunium, and plutonium are capable of 
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undergoing fission and that fission may be induced not only by neutrons 
but also by protons, deutrons, alpha particles, and even gamma rays. 

16.9. Atomic Energy 

The most striking aspect of nuclear fission is the tremendous 
release of energy tJiat occurs. For example, each fission in 
accompanied by the liberation of energy in the amount of 200 million 
electron volts. To use a now familiar analogy, this means that the 
energy obtainable from 1 lb. of 92^^^^ is roughly equivalent to that 
made available by the burning of 10,000 tons of coal. The possibility 
of utilizing atomic energy became apparent when it was learned that 
each fission of produces not only two lighter elements, but 

i]eutrons as well. Thus one fission produces neutrons which in turn 
may induce fission of other atoms of and thereby initiate a 

nuclear chain reaction which would result in the liberation of vast 
quantities of energy. However, predictions relative to the early utili- 
zation of atomic energy were uniformly pessimistic because of the 
difficulty of separating 921.1^^^ from the much more abundant 92X1-^^®. 

During the latter years of the Second World War, the utilization 
of atomic energy in the development of atomic bombs became a reality 
as the result of two distinct accomplishments. Although it had been 
predicted freely that the separation of 92X1^^® presented almost unsur- 
mountable difficulties, ingenious methods for the accomplishment of 
this separation and the production of usable quantities of this isotope 
were devised and put into operation at Oak Ridge, Tenn. Since iso- 
topes are chemically identical, it was necessary to effect this separation 
by purely physical methods which take advantage of the very small 
difference in the masses of the uranium isotopes involved. 

Atomic energy was made available also through the production and 
use of plutonium. This recently discovered element also undergoes 
fission with liberation of vast quantities of energy. At the Hanford 
Engineer Works in southeastern Washington, plutonium was formed, 
purified, and isolated in quantity. The reactions essential to the for- 
mation of plutonium are given below. The nature of radioactive 
decays are given above the arrows, and the half lives of the isotopes 
concerned are given below the arrows. 

92U238 + ^ fl — > 

23 min. 2.33 days 

sa* 

, ^^U286 
24,300 years 
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These reactions are initiated by neutrons from the spontaneous fission 
of ig necessary to have present also a so-called moderator 

which may consist of hydrogen-containing substances, “heavy water,” 
graphite, etc. The moderator must be a substance that does not 
capture neutrons to any appreciable extent, so that high-energy neu- 
trons may collide with atoms of the moderator and lose energy. Some 
of the resulting low-energy neutrons react with to form plutonium 
as indicated above, some are lost, while others react to induce fission in 
other atoms. ,Thus, more neutrons are made available and a 

self-sustaining nuclear chain reaction is n^alized. The chain reaction 
is allowed to proceed until the concentration of plutonium becomes 
liigh enough to warrant its separation. Since plutonium is chemically 
dili'erent from uranium, the separation can be accomplished by chemi- 
cal rather than by physical methods. 

The successful utilization of atomic energy is unquestionably one of 
the outstanding accomplishments in the history of the physical sciences. 
The use of the first atomic bomb marked the beginning of a new era, 
and no one can foresee all the possible impacts of atomic power upon 
the future progress of civilization. However, it seems clear tliat means 
will be provided in the not too distant future for the use of atomic 
power for nonmilitary purposes. 

16.10. Uses of Radioactive Isotopes 

Wholly aside from the questions surrounding the utilization of 
atomic energy, artificially radioactive isotopes constitute a most useful 
tool for the study of problems in practically all braru hes of the physical 
and biological sciences. Important facts have already been brought 
to light through the use of radioactive isotopes of elements such as 
hydrogen, oxygen, sodium, iron, carbon, and phosphorus. 

The use of radioactive isotopes as “tracers” is advantageous 
because such isotopes may be detected by virtue of the radiations that 
they emit. Thus, if one wished to perform an experiment employing 
which decays by emission of beta particles, one can detect the 
presence of a given quantity of this isotope by “counting” the number 
of beta particles emitted. Another advantage lies in the fact that the 
instruments devised for this counting of radiations are so sensitive that 
one usually needs to use only very small quantities of radioactive 
isotopes as tracers. A small amount of radioactive isotope mixed with 
a much larger amount of the corresponding ordinary non-radioactiVe 
element will serve to “trace” the behavior of the latter. 

By such methods, for example, it has been demonstrated that 
phosphorus assimilated from the soil by tomato plants tends to con- 
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ceritrate in the stems and certain parts of the leaves. Similarly, radio- 
active zinc has been used to show that this element localizes in the 
seeds of tomatoes. The rate of absorption of iodine by the thyroid 
gland has been established by the use of 53! and this work has done 
much to add to tlie understanding of the treatment of goiter. These 
and many similar uses of radioactive isotopes show that these sub- 
stances are destined to be of inestimable value in tlie study of the 
mechanism of chemical reactions, problems relating to plant and 
animal metabolism, the diagnosis and treatment of diseases, etc. 

EXERCISES 

1. Define tbc following terms: deuteron, transmutation, fission, positron. 

2. Describe briefly tbe contributions made by (a) Rutherford, (6) Hahn and 
Strassman, (c) Frederic and Irene Joliot, and (d) Lawrence. 

3. List the types of products formed upon fission of an atomic; nucleus. 

4. In what manner other than radioactive dec;ay do atoms give evidencjc of 
tendencies toward achievement of stable structures? 

5. How do the elements neptunium and plutonium clilfer from other elements? 

6. Write eciuations which illustrate nuclear reactions induced by (a) neutrons, 
(h) alpha particles, (c) deuterons, and (d) protons. 

7. What are the major differences between nuclear reactions and other chem- 
ical reactions? 

8. What industries would most likely be influenced to the greatest extent by 
the industrial utilization of atomic power? 

9. In what respects are nuclear reactions and other chemical reactions similar? 

10. What behaviors of man-made radioactive elements are not subject to con- 
trol by man? 

11. What is accomplished in nuclear chemistry by the use of instruments sucli 
as the cyclotron? 

12. Assuming an adequate supply of plutonium, suggest nuclear reactions 
which might lead to the formation of elements of atomit; number greater than 94. 

13. Give an example of a nuclear chain reaction. 

14. Why would it be desirable to find a means of utilizing atomic energy that 
does not depend upon the use of uranium? 
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CHAPTER XVII 

IONIZATION 


In connection with tlie study of solutions (Chap. X) some attention 
was devoted to the regularities in the manner in which certain physical 
properties of pure solvents are altered by the presence of solutes. It 
will be recalled, however, that this study excluded acids, bases, and 
salts and was restricted to solutes such as sugar and glycerol. This 
exclusion of certain types of solutes rather obviously suggests that 
their behavior must be somewhat irregular, or at least different in some 
respects. A limited knowledge of the various modes of compound 
formation (Sec. 15.5) having been acquired, it now becomes of interest 
to see whether the behavior of various solutes can be correlated with 
their classification in terms of ionic, covalent, and intermediate types. 
The accomplishment of this objective requires some additional infor- 
mation concerning the ability of substances to act as conductors (car- 
riers) of electricity. 

17.1. Conductors of Electricity 

It is a familiar fact that metals such as copper, iron, silver, and 
zinc may be used as conductors of electricity without bringing about 
any change in the composition of these metals. If the properties of a 
copper wire are carefully examined before and after its use as a con- 
ductor, no detectable difference will be found. Metals in general, some 
nonmetals, and a few other substances possess the property of conduc- 
tion of electricity without change in chemical composition and are 
known as conductors of the first class. The passage of electricity 
through a conductor of this type may be looked upon as consisting of 
a flow of electrons through the orbits of the atoms involved. Although 
the chemist frequently makes use of conductors of the first class, any 
detailed study of such conductors and conduction processes is perhaps 
more properly made in connection with courses in physics and electrical 
engineering. 

Of greater interest to the chemist are those conductors which con- 
sist of solutions and which are known as conductors of the second class. 
These are characterized by the fact that, when they are used as carriers 
of electricity, changes in chemical composition always occur. Further- 
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more, the process by which solutions conduct electrical currents may 
not be likened to the ‘‘flow of electrons” suggested above, and it there- 
fore becomes necessary to learn more about the state in which solutes 
exist in solutions before the distinction can be clarified. 

17*2. Conduction by Solutions 

If one should prepare aqueous solutions (all 0.1 molar) of a wide 
variety of compounds and test the ability of these solutions to act as 
conductors of elec^tricity, it would be found possible to classify all of 
these solutions roughly into three classes: (a) nonconducting solutions, 
(6) weakly conducting solutions, and (c) strongly conducting solutions. 
Since the pure solvent (water) is only an exceedingly poor conductor 
and many pure solutes are nonconductors of electric currents, the 
propc^rty of conducting electricity must be peculiar to the solutions. 

Since the following discussions are to be concerned with conducting 
solutions, those substances whose solutions are nonconductors need 
not be made the object of any extensive discussion. Those sub- 
stances whose solutions do not conduct electrimty^ are Jkri own 
as nonelectrolytes. Substances of this type are either entirely 
covalent or at leasr”predominantly covalent in character and are 
illustrated by such compounds as alcohol, glycerol, and sugar. It 
may not be concluded, however, that all covalent compounds are 
nonelectrolytes. 

Electrolytes. Those substances whose solutions- 
doctors of electriei^ are call ed electrolytes* Depending upon 
the extent to which their solutions act as conductors, this class of 
solutes may be subdivided into two groups which are known as weak 
electrolytes and strong electrolytes. For the purposes of the immediate 
discussion, acetic acid will be used as an example of a typical weaJ\ 
electrolyte and sodium chloride wiU be considered as representative of 
strong electrolytes. 

If one should measure the electrical conductivity of a 1 M solution of 
HC2H3O2 in water (Le., the extent to which the solution is capable of 
conducting electricity), the solution would be found to be a rather poor 
conductor and the magnitude of the current carried by the solution 
could, by means of suitable electrical instruments, be measured in 
amperes. Now if this same solution is diluted until it is 0.5 M with 
respect to HC2H3O2, this more dilute solution will be found to be a bet- 
ter conductor (in relation to the total quantity of solute present) than 
the original 1 M solution. Progressive dilution to 0.1 M, 0.01 M, 
0.001 M, etc., together with corresponding conductivity measurements 
will show that, with increasing dilution, the conductivity increases 
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until an apparent maximum is reached. Thereafter, further dilution 
does not result in any appreciable increase in conductivity. The 
results of this experiment may be represented graphically by plotting 
conductance against dilution as shown in Fig. 81a. 
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Dilulion-^ 

Fig. 81. Variation in the conductance of a weak and a strong electrolyte with 

dilution. 

A similar experiment using the strong electrolyte Na"'^Cl“ as the 
solute would be found to lead to similar results. Of course, llie con- 
ductivity will be found to be dilferent from that of an acetic acid 
solution of the same concentra- 
tion, but the conductivity will be 
found to increase with increasing 
dilution in much the same manner 
as described above. This simi- 
larity is made evident by a com- 
parison of Fig. 816, with Fig. 81a. 

The results of these two experi- 
ments would seem to require ex- 
planations to account for the fact 
that these solutions are conduc- 
tors and for the fact that con- 
ductivity increases with dilution 
until a maximum conductivity is 
realized. 

Fig. 82. — Svante Arrhenius (1859- 

17,3^ Theory of Arrhenius 1927). 

In the year 1887, the Swedish chemist, Srante Arrhenius (Fig. 82), 
enunciated a theory designed to explain the state in which electrolytes 
exist in solutions. This theory holds that whenever an acid, a base, 
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or a salt is dissolved in a solvent such as water, the solute then sub- 
divides into smaller units which bear electrical charges. The ability 
of a solution of an electrolyte to act as a conductor of electricity was 
attributed to the presence of these charged particles, which Arrhenius 
called ions (Sec. 15.6), and to the ability of those ions to move through 
the solution. Also in terms of the theory of Arrhenius, the actual 
charge (either positive or negative) on a particular ion was believed to 
be equal to the valence of the atom or radical involved. Another note- 
worthy feature of the theory also lay in the fact that Arrhenius 
believed that ionization was incomplete except in extremely dilute 
solutions and that the actual extent to which the molecules of the 
solute separate into ions is dependent upon concentration. 

According to the views of Arrhenius, the ionization of sodium 
chloride and acetic acid may be represented as follows: 

NaCI Na+ + C|- 

HC 2 H 30 .,^ H+ + 

Similarly, the ionization of other electrolytes would be represented by 
the equilibria, 

Zn(N 03 ) 2 ^Zn++ + 2(NO,)- 
CUSO4 ^ Cu++ + (S04)“ 

Bids -f 3 CI" 

NH4OH (NH4)+ -I- (OH) 

Fe2(S04)3 2F©+++ -f- 3(804)“ 

In the light of the theory of Arrhenius, it becomes possible to 
explain why the conductivity of a solution of an electrolyte increases 
with dilution and reaches a maximum value. In the case of acetic 
acid, for example, the ionization of increasingly dilute solutions results 
in increasing concentrations of ions in the equilibrium mixture. 
Accordingly, a concentrated solution would be expected to be a poor 
conductor because most of the HC2H3O2 would be present as molecules 
and there would be relatively few ions present in such a solution. As 
this solution is made progressively more dilute, more molecules would 
ionize, the solution would become richer in ions and hence a better 
conductor. The recombination of and (C2H8O2)'” ions to form 
un-ionized molecules is, under these conditions, rendered less probable 
owing to the fact that in the dilute solution the ions are separated 
through greater distances. Finally, if the solution is made extremely 
(infinitely) dilute, all the molecules should separate into ions and the 
solution should then exhibit its maximum conductivity and further 
dilution should produce no further increase in conductivity. This 
interpretation is consistent with the experimental results described 
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above and shown graphically in Fig. 81. Although the theory of 
Arrhenius has been modified extensively since its inception, it is still 
useful in explaining the behavior of the great majority of the covalent 
compounds that behave as weak electrolytes. 

In recent times, however, the Arrhenius theory has been shown to 
be inadequate so far as strong electrolytes (ionic compounds) and some 
weak electrolytes are concerned. This failure of the theory of Arrhen- 
ius may be illustrated by the case of sodium chloride. It will be 
recalled that sodium ions and chloride ions are formed when the ionic 
compound sodium chloride is formed by the process of loss and gain 
of electrons, 

Na« -f C\^ Na+CI- 

This fact has been confirmed by the examination of Na+Cl"" crystals 
by means of X rays. Such studies have shown that, in the crystal, 
each ion occupies a fixed position in space and is surrounded by ions 
of opposite charge. Consequently, any given sodium ion cannot be 
said actually to be united with any one particular chloride ion, and 
this fact leads to the conclusion that discrete molecules of sodium chlor- 
ide do not exist as such. Solid sodium chloride (and other ionic com- 
pounds as well) is to be looked upon as an electrically neutral body 
consisting of positive and negative ions and not involving the existence 
of actual unit molecules except in the sense that the crystal as a whole 
may be thought of as a “giant molecule.” 

Since ionic compounds consist of ions by virtue of their mode of 
formation and since the theory of Arrhenius holds that ions are formed 
only when the electrolyte is dissolved in a suitable solvent, some other 
explanation must be offered for the behavior of a strong electrolyte 
such as sodium chloride. 

• 

17.4. Theory of Debye and Hiiekel 

If, in a concentrated solution, a strong electrolyte is present entirely 
in the form of ions, one might anticipate that such a solution would at 
once exhibit its maximum conductivity and that its conductivity would 
not be increased by dilution. That such is not the case has already 
been indicated (Sec. 17.2). A plausible explanation of behavior of 
this sort was provided by the theory of Debye and Hiiekel, In its 
most elementary aspects, this theory holds that, in a concentrated 
solution of a strong electrolyte, the condition of each ion is much like 
that which exists in the crystal. That is, each positive ion is sur- 
rounded by an “atmosphere^’ of negative ions (and vice versa) so that 
any given ion is attracted by oppositely charged ions (owing to electro- 
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static attraction) and is therefore retarded in its motion through the 
solution. This amounts to saying that, although the solute is entirely 
present in the form of ions, these ions are not free to move about in the 
solutions because of the hindering attraction of ions of the opposite 
charge. Thus, ions may be present in the solution without being 
entirely active as individual ions; the solute may be completely ionized 
but the ions are not completely disasso(^iated from the influence of one 
another. Actually, one should not adopt the viewpoint that some ions 
are completely free or active while others are completely inactive. 
More properly, each ion should be thought of as exhibiting a certain 
degree of activity. 

In terms of this theory, the conductivity of a solution of a strong 
electrolyte may be understood. The concentrated solution is a rela- 
tively poor conductor because the ions are so close together that they 
are unable to move readily through the solution; i.c., they are greatly 
restricted because of the proximity of oppositely charged ions. How- 
ever, as the solution is progressively diluted, the ions become separated 
through greater distances and are able to exhibit a greater degree of 
unhindered activity; hence, the conductivity increases. Finally, when 
the solution has been made sulTiciently (infinitely) dilute, the ions are 
so far apart that they are relatively unaffected by the other ions and 
hence are able to exhibit essentially 100 per cent activity. Under these 
conditions, of course, the solution exhibits its maximum conductivity. 

On the assumption that the theory of Debye and Hiickel provides 
a fairly accurate picture of the condition in which strong electrolytes 
exist in solution, the ionization scheme 

NaCI Na+ -f Cl- 

proposed by Arrhenius for strong electrolytes such as sodium chloride 
must be replaced by the equilibrium 

Na+CI- Na+ -f- Cl' 

A Comparison of the Two Theories. In the last analysis, there 
is no great difference between the theory of Arrhenius and that of 
Debye and Hiickel. The former (1) emphasizes the formation of ions 
from un-ionized molecules in the solution, (2) is concerned primarily 
with the number of ions produced at any given concentration (r.e., 
the degree of ionization) and (3) is useful in explaining the behavior of 
most weak electrolytes. On the other hand, the theory of Debye and 
Hiickel (1) emphasizes both the number of and the charge on the ions, 
(2) is concerned largely with the freedom or activity of the ions present 
at any particular concentration (Le.^ the degree of activity), and (3) is 
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useful in inteipreting the behavior of strong electrolytes including 
those covalent compounds which behave as strong electrolytes. 

17.5. Influence of Electrolytes upon the Physical Properties of 
Pure Solvents 

It has already been pointed out (Chap. X) that the vapor pressure, 
boiling temperature, and freezing temperature of a pure solvent, such 
as water, are changed in a regular fashion by the presence of non- 
electrolytes such as sugar and glycerol. Electrolytes, on the other 
hand, produce effects that are irregular in the sense that the effects 
produced are in the same direction but are excessive. Thus, a 1 molal 
solution of sodium chloride actually freezes at — 3.30°C. and not at 
— 1.86° as would be the case for a 1 molal solution of sugar. The regu- 
lar lowering of the freezing temperature to the extent of 1.86° is 
characteristic of solutions of nonelectrolytes and is attributed to the 
presence of 6.02 X 10^^ molecules (particles) of the solute. In the case 
of sodium chloride, however, the solute is present not as molecules but 
rather as ions which are active to only a limited degree at a concentra- 
tion as high as 1 m. If the ions of sodium chloride were completely 
active in a 1 m solution, the number of particles (ions) would be 
2 X (6.02 X 10^^) and the freezing temperature would be —3.72° 
(2 X 1.86°). The fact that the lowering is 3.30° and not 3.72° may 
be taken as indication of tlie degree of activity of the sodium and 
chloride ions in a 1 m solution of sodium chloride. 

Similar excessive effects are produced by electrolytes upon the 
boiling temperatures of pure solvents, and for the same reasons. For 
example, the boiling temperature of a 1 m solution of the weak elec- 
trolyte, HC2H3O2, is 100.522° and not 100.515° as in the case of a 
nonelectrolyte. The elevation of the boiling temperature is a little 
greater than 0.515 for the reason that a few of the original 6.02 X 10^® 
molecules have ionized to form H+ and (€211302)“ ions, thus providing 
a total number of particles greater than 6.02 X 10^®. 

Determination of Degree of Ionization or Degree of Activity 
of Electrolytes. The extent to which an electrolyte at known con- 
centration affects the boiling temperature, freezing temperature, etc., 
of a pure solvent may be used to determine the degree of ionization of 
weak electrolytes or the degree of activity of strong electrolytes. The 
data given in the preceding examples will serve to illustrate the method 
involved. In the case of the 1 m solution of NaCl, the lowering of the 
freezing temperature was found to be 3.30°. This is 1.44° greater than 
1.86° and this excess effect of 1.44° is a measure of the degree of activity 
of the ions in the 1 m solution. Accordingly, the degree of activity 
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(expressed in per cent) is given by 


1.44 

1.86 


X 100 = 77.4 per cent activity 


This result, of course, should be interpreted as meaning that in a 1 m 
solution of sodium chloride, each individual ion is active (free, unhin- 
dered) only to the extent of 77.4 per cent of complete activity. 

Similarly, the 1 m solutioil of the weak electrolyte, HC2H3O2, 
exhibited a boiling temperature of 0.522, or 0.007® greater than the 
0.515° elevation produced by an equivalent concentration of a non- 
electrolyte. Accordingly the degree of ionization (expressed in per 
cent) is 


X 100 = 1.3 per cent ionization 

0.515 

This in turn means that 1.3 per cent of the original 6.02 X 10^® mole- 
cules of HC2H3O2 ionized to form and (C2Hs02)“. 

17 . 6 , Weak Electrolytes 

In connection with much of the subject matter that is to follow, it 
is necessary for the student to acquire information concerning those 
common acids, bases, and salts which behave as weak electrolytes. 

Acids. The common acids that behave as weak electrolytes are 
listed in Table 20. For those acids which contain more than one 
replaceable hydrogen, it is necessary to inquire as to the manner in 


TABLE 20 

Degree of Ionization of Some Weak Electrolytes (Acids) in 0.1 Normal 

Solutions at 25 °C. 


Acid 

Ionization process 

Degree of 
ionization, 

% 

Acetic 

HC2H3O2 ^ H+ + C2H3OJ 
HCN ^ H+ + CN~ 

H2S H+ + HS- 
H2CO3 H+ + HCOr 

Hcor^H+ -h cor 

H2SOa + HSOr 

HSOr;=iH+-f sor 

HaP 04 ?=± H+ + H2POr 
H2POr;=±H+ -f HPO7 
HPO7 H+ 4 - P07 

1 3 

Hydrocyanic 

0.002 

Hydrosulfuric 

0.07 

Carbonic 

0.17 

Hydrogen carbonate ion 

0,01 

Sulfurous 

34.0 

Hydrogen sulfite ion 

0.1 

Phosphoric. 

27.0 

Dihydrogen phosphate ion 

0.14 

Hydrogen phosphate ion 

0.0002 
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which such acids ionize. The ionization of an acid such as carbonic 
acid occurs in two stages or “steps,” thus, 

H 2 CO 3 ^ + (HCO,)- ( 1 ) 

to form first a hydrogen ion and a hydrogen carbonate ion, (HCO3)" , 
which then participates in the second step of the ionization process, 

(HCO3)- -h COr (2) 

Similarly, the ionization of H3PO4 is a three-stage process involving 
the equilibria, 

H3P04;:=^ 4- (H2PO4)- ( 1 ) 

(H2PO4)- H+ + (HPO4)- (2) 

(HP04)“;^H+ + (PO 4 )- (3) 

Since acids that ionize in this manner are weak electrolytes, even the 
first step occurs to only a limited extent. Accordingly, the second 
step cannot occur extensively since it is limited by the extent to which 
(H'iPOi)- ions, for example, are available. Since only a few of the 
(H2PO4)"’ ions undergo further ionization according to step (2), the 
third stage can be realized to only an exceedingly small extent. 

Bases* The only common base that acts as a weak electrolyte 
is ammonium hydroxide which is formed by the reaction between 
gaseous ammonia and water, 

NHa -h H20^ NH4OH 

and which ionizes according to the equilibrium, 

NH4OH NH| + OH- 


In 0.1 N solution at 25°, NH4OH is ionized to the extent of only 1.3 
per cent. 

Salts. Although most salts are strong electrolytes, there are a 
few common ones whose behavior is more nearly typical of weak 
electrolytes. These rather exceptional cases are listed in Table 21. 


TABLE 21 

Weak Electrolytes (Salts) 

Name 

Lead acetate 

Ferric thiocyanate 

Mercuric thiocyanate 

Mercuric chloride 

Mercuric cyanide 

Cadmium chloride 

Cadmium bromide 

Cadmium iodide 


Formula 

Pb(C2H,02)2 

Fe(CNS)3 

Hg(CNS)2 

HgCL 

Hg(CN)2 

CdCL 

CdBr^ 

Cdl2 
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Water. A very important weak electrolyte is water itself. Water 
molecules ionize to only an extremely slight extent under ordinary 
conditions. An idea as to the very small number of ions in pure water 
may be gained from the fact that the total weight of OH in 1 ton of 
water is 0.0017 g. More accurately, the concentration of (or OH~) 
in pure water is 1 X 10“^ N {Le,, one ten-millionth normal). 

17.7. Strong Electrolytes 

For the purposes of the work that is to follow, all elec trolytes that 
have not been designated as “weak” in the preceding section are to b<^ 
considered as strong electrolytes. As will be shown later (Se(\ 17.8), 
this viewpoint is neither entirely accurate nor justifiable except on the 
basis of convenience. 

Itis not practical here to list any greatnumber of strong electrolytes. 

TABLE 2:2 

Degkee of Activity of Some Typical Strong Electrolytes in O.J Molal 

Solutions at 25 "C.. 


Electrolyte 

Degree of 
activity, 

Classification 

Acids: 



H+Br- 

80.21 



H'Cl- 

79.6 


Ufii-univaJent 

H^(N03)- 

79. oj 



1 IJ(S 04 )- 

Bases: 

31.3 

Uni-bivah^nt 

K+(OH)- 

77.2] 



Na-^(OH)- 

76.5 


Uni-nni valent 

Li+(OH)- 

Ba++(OH)2 

74. 2] 


lii-univalent 

Salts: 



Li+Br“ 

79.4, 



Na+I- 

78.8 

1 


Na+Cl- 

77. 8i 

f 


K^Br- 

76.5 

> 

llni-univalent 

K+Cl- 

76.4 

i 


K^-(N03)~ 

73.2 

1 


Ag-^(N 03 )- 

72.3' 



Ca++Cl7 

52.8] 



Ba+^Clr 

49.51 


Bi-univalent and 

Na+(S04)- 

43.51 


uni-bivalent 

KJ(S04)” . 

42. oJ 



Mg++(S04)- 

16.6] 



Cd++(S04)- 

16.0 


Bi-bivalent 

Cu++(S04)- 

15.8] 
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However, a brief list is given in Table 22, together with the degree of 
activity expressed in per cent, and a classification of the examples 
cited on the basis of the valence of the ions involved. 

By inspection of the data of Table 22 it will be seen that there is a 
definite relationship between the degree of activity and the charge type 
of the ions. This is wholly in accord with the ideas embodied in the 
theory of Debye and Hiickel. It should be rather obvious that an 
ion bearing two units of positive charge should be more effective in 
hindering the movement of a negative ion than an ion bearing only one 
positive charge. Similarly the SO 7 should exert a greater force of 
attraction toward a Na+, for example, than would a Cl”, It is there- 
fore a fairly safe generalization to state that, at equivalent concentra- 
tions, the degree of activity decreases with increase in the magnitude of the 
ionic charges. 

17.8* Intermediate Types 

It is essential at this juncture to call attention to the fact that the 
foregoing classification of electrolytes into two broad classes should not 
be accepted without reservations. The student should keep in mind 
that weak electrolytes are predominantly covalent and that strong 
electrolytes are (with but relatively few exceptions) predominantly ionic. 
But, just as there are all possible gradations between covalent and 
ionic compounds (Sec. 15.8), so there must be a correspondingly large 
number of electrolytes that are intermediate between the very weak 
and the very strong electrolytes. In this and in other similar situa- 
tions, there is some considerable merit in the practice of emphasizing 
the extreme types of behavior in the beginning course and deferring the 
study of the generally more complicated behavior of intermediate 
types to the more advanced courses. 

17.9. Acid Salts 

Since the ionization of acids containing two or more replaceable 
hydrogen atoms occurs in stages or steps (Sec. 17.6) and since the 
extent of each stage of ionization is greater than that of any subsequent 
step, the neutralization of such acids should also be expected to occur 
in a stepwise fashion. Consider, for example, the first step in the 
ionization of sulfurous acid, 

H2SO3 H+ + (HSO®)” 

Owing to the fact that this stage of ionization is so much more exten- 
sive than the subsequent ionization of the hydrogen sulfite ion, 

-t- (SOs)- 
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it might be anticipated that the neutralization of sulfurous acid by a 
base such as sodium hydroxide would occur as follows: 

H2SO3 + Na+(OH)- H2O + Na+(HS03)“ 

The strong electrolyte Na'^(HS03)“, however, consists of an anion 
(HSOa)” which is a weak electrolyte but which is capable of further 
ionization. 

Na+(HS03)- ^ Na+ -f -f (SO3)” 

Consequently a further reaction with a base is possible, thus, 
Na+(HS03)- + Na+(OH)- -> H2O + Na2+(S03)“ 

The neutralization of acids containing two or more replaceable 
hydrogen atoms does occur in this stepwise fashion and, in the labora- 
tory, one may neutralize such an acid either (completely or partly, 
depending upon the (|uantity of base employed. The stepwise 
neutralization of arsenic acid will serve as a further example, 

H3ASO4 4- K+(OH)- H2O H- K+(H2 As 04)“ 

K+(H2As04)- + K+(OH)-->> H 2 O + K+(HAs04)'“ 

K+(HAs 04 )"‘ + K+(OH)- H2O + K+(As 04)“ 

If a base containing more than one (OH)“ is used, a similar result is 
obtained. 

2H2CO3 -f Ba++(OH);- 2H2O + Ba++(HC03)r 
Ba++(HC03)r + Ba++(OH)i- 2H2O + 2Ba^ +(C03)” 

The preceding examples have pointed to the existence of the com- 
pounds, Na+(HS04)-, K+(H2 As 04 )-, K+(HAs 04)-, and Ba++(HC03)^. 
Like acids, all these compounds contain replaceable hydrogen and at 
the same time appear to be salts since they arise from reactions of 
neutralization. Compounds of this type arc known as acid salts. 
These acid salts are named in different ways, two of which are illus- 
trated in Table 23. 

TABLE 23 

Nomenclature of Acid Salts 


Formula 

Preferred name 

Alternative name 

Na+(HS03)-“ 

K+(H2A804)- 

KJ(HAs04)- 

Ba++(HC08)r 

Na+(HC 03 )- 

Sodium hydrogen sulfite 
Potassium dihydrogen arsenate 
Dipotassium hydrogen arsenate 
Barium hydrogen carbonate 
Sodium hydrogen carbonate* 

Sodium acid sulfite 

Primary potassium arsenate 
Secondary potassium arsenate 
Barium acid carbonate 

Sodium add carbonate 


Th« oommon name for this oomponnd is ‘'aodinm bicarbonate.*’ However, in ayatmnatiQ 
nomemdatiire the prefix hi- abould be avoided in naming add salts. 
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Normal Salts. Salts such as Na^CSOs)*”, KJ^(As04)% and 
Ba“^+(C03)", which represent the products obtained by complete 
neutralization, are called normal salts and are assigned names in 
accordance with the rules of nomenclature previously discussed (Sec. 
11 . 8 ). 

Basic Salts. By analogy to acid salts, the existence of basic salts 
would certainly appear as a logical possibility and many salts of this 
type are well known. However, a consideration of their mode of 
formation and properties will be deferred to a later chapter. 

EXERCISES 

1. Distinguish clearly between the following: (a) conductors of the first class 
and conductors of the second class, (6) electrolytes and nonelectrolytes, (c) strong 
electrolytes and weak electrolytes, (d) atoms and ions, (e) degree of ionization and 
degree of activity, (/) acjid salts and normal salts. 

2. In what way are weak electrolytes, strong electrolytes, and intermediate 
types related to their mode of formation? 

3. What facts contributed to the partial failure of the theory of Arrhenius and 
gave rise to the theory of Debye and Hiickel? 

4. Criticize the following statement: “In a solution of a strong electrolyte 
which exhibits 70 per cent activity, 70 out of each 100 ions are active while the 
remaining 30 are inactive.” 

5. Give a brief comparison of the theories of Arrhenius and of Debye and 
Hiickel. 

6. A 1 m water solution of a strong electrolyte of the type X~ was found by 
experiment to boil at 100,887°. Calculate the degree of activity. 

7. A 1 m water solution of a weak electrolyte of the lyf)e AVX~ was found by 
experiment to freeze at —1.89° C. Calculate the degree of ionization. 

8. Write systematic names for the following acid salts: Na ^ (HS)"", Li ^ (HS04)"', 
Ca++(H2P04)r. K+(HP03)- 

9. What is the maximum number of acid salts tliat might be produced from 
each of the following acids: (a) H2Si03, (6) H2Zn02, (c) HNO2, (d) H3AIO3, (e) 
H4Zr04, (/) HaSe, (g) HAsOa, {h) H3PO4? 

10. Where such ionization is possible, write equations (equilibria) showing the 
stepwise ionization of each of the acids listed in Exercise 9. 

11. If only about 1 per cent of the NH4OH molecules in a 1 m solution of this 
base is ionized, how may one account for the fact that all of the NH4OH — not 
merely the 1 per cent — will be neutralized when sufficient hydrochloric acid is 
added? 
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CHAPTER XVIII 

TYPES OF CHEMICAL REACTIONS 


Throughout the preceding chapters, numerous examples of chemi- 
cal changes have been cited for the purpose of illustrating principles, 
characteristic types of chemical behavior, etc., and equations for these 
reactions have been written, usually by inspection. In all, however, 
only a relatively few reactions have been studied in detail. Before 
attempting any further study of individual chemical changes, it seems 
worth while to inquire into the manner in which different reactions are 
related one to the other. Just as classification of the chemical elements 
leads to simplification of study, so perhaps the various types of chemi- 
cal reactions may be correlated to advantage. 

OXIDATION-REDUCTION REACTIONS 

So far as the reactions of inorganic substances are concerned, 
oxidation-reduction reactions constitute the single broadest, most 
inclusive, and certainly the most important type of chemical change. 
Historically, the terms oxidation and reduction owe their origin to cer- 
tain practices in the chemical industries and from the modern point of 
view these terms are not entirely satisfactory. The term oxidation 
implies or at least suggests the element oxygen. However, oxygen may 
be but need not be involved in reactions of this type. Despite the fact 
that the two terms are somewhat misleading, they have become so 
firmly entrenched in the language of chemistry that they will undoubt- 
edly continue to be used indefinitely.^ 

In the sections that follow, it will not be the purpose to make an 
exhaustive study of this particular type of I'eaction. A much more 
comprehensive treatment of oxidation and reduction is given in Chap. 
XXIV. 

^ In efforts to find more suitable designations for reactions of this type, numer- 
ous alternatives have been suggested. Thus, oxidation-reduction reactions are 
sometimes referred to as electron change reactions, electronic reactions, electron 
exchange reactions or redox reactions. It has also been suggested that the terms 
de-electroncdion and electronaiion be substituted for the terms oxidation and reduc- 
tion, respectively. Although certain of these alternative designations have some 
merit, none has met with general acceptance. 

SIS 
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18.1. Characteristics of Oxidation* reduction Reactions 

Chemical changes classified as oxidation-reduction reactions may 
differ considerably so far as the nature of the reactants and products 
are concerned and yet have much in common with respect to the 
fundamental character of the changes involved. By definition, an 
oxidation reaction is one in which atoms or radicals lose elec- 
trons. Similarly, a reduction reaction is one in which atoms or 
radicals gain (or acquire) electrons. 

Before proceeding with a study of specific cases, the student should 
have clearly in mind the following facts: 

1. Oxidation and reduction always occur simultaneously and never 
independently. That is, an oxidation reaction, for example, cannot 
occur unless there occurs at the same time a reduction reaction. 

2. In every oxidation-reduction reaction, one or more elements 
must undergo a change in valence. 

3. The number of electrons gained in the reduction reaction must 
be identical with the number of electrons lost in the oxidation reaction. 

4. By conventional practice, the element that loses electrons is said 
to be oxidized and, since the loss of electrons can occur only by virtue 
of the presence of an element that can accept those electrons, the 
element that gains or accepts the electrons is called the oxidizing 
agent 

5. Similarly, the element that gains electrons is said to be reduced, 
and the element that loses electrons is called the reducing agent, since 
by losing electrons it makes possible the occurrence of the reduction 
process. Thus, in any oxidation-reduction reaction, the oxidizing 
agent is reduced and the reducing agent is oxidized. 

6. Oxidation -reduction reactions may involve substances that are 
ionic, covalent, or of intermediate types. Particularly in the case of 
predominantly covalent substances, the actual loss and gain of electrons 
may be more apparent than real. Nevertheless, since changes in 
valence are involved, there is no alternative but to classify these 
changes as oxidation-reduction reactions. 

With these ideas as a background, it is now possible to review some 
of the reactions studied previously, to attempt to gain a better insight 
into the fundamental changes concerned, and to show why they are to 
be classified as oxidation-reduction reactions. 

18.2. Reactions Involving Direct Union of Elements 

Several reactions of this type have already been discussed, par- 
ticularly in connection with the study of oxygen (Sec. 4.9). As an 
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additional example, consider the formation of bismuth bromide by the 
direct union of bismuth and bromine. 

2Bi« + 3BF; 2Bi+++Bri' 

This equation represents adequately the over-all change involved and 
can be balanced readily by trial and error if by no other means. How- 
ever such an equation fails to show what occurs during the union of tlu^ 
elements concerned. Furthermore, many oxidation-reduction reac- 
tions are so complicated that the balancing of the corresponding equa- 
tions requires the use of a systematic rather than a trial-and-error 
approach. Accordingly, it seems worth while to write the foregoing 
equation by a systematic method showing clearly the nature of the 
changes that occur. 

In the reaction between bismuth and bromine, the bismuth atom 
loses its 3 electrons and, by definition, is thereby oxidized. Accord- 
ingly, the oxidation reaction may be represented as follows: 

(a) Bi — 3e~ 

Each bromine atom in the molecule of bromine (Br 2 ) is capable of 
gaining 1 electron, hence the reduction may be represented by 

(b) Br 2 + 2e- 2Br~ 

However, it is readily seen that the number of electrons lost in (a) is 
different from the number gained in (6). Of course this may be 
remedied by multiplying equation (a) by 2 and multiplying equation 
(6) by 3, thus. 


(a) 2Bi - 6e“ 2Bi^'++ 

(b) 3Br2 -j- 6e~ — > SBn 

Adding equations (a) and (b), 

(c) 2Bi0 + 3B?; -> 2Bi+++Brr 

It is a common practice to indicate the valence of uncombined elements 
by zero superscripts and to set up the steps involved in writing the 
equation in the following form : 

(а) 2Bi® - 6e- 2Bi+++ 

(б) 3Brl -f 6e~ 6Br- 

(c) 2Bio + 35r2 2Bi+++Brr 

The separation of the oxidation and reduction reactions and their 
representation as separate steps do not, of course, imply that they are 
independent processes. 
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A similar type of reaction but one involving the formation of a 
covalent compound is that shown by' the following equation: 

so + o 

Sulfur dioxide is a predominantly covalent compound, and it is there- 
fore improper to consider this reaction on exactly tlie same basis as in 
the case of the combination of bismuth and bromine. Since oxygen 
is electrically more negative than sulfur, one can adopt the viewpoint 
that in this reaction the sulfur atom acquires an “apparent positive 
valence” of four even though the sulfur atom may not actually lose 
electrons as is suggested by the oxidation reaction, 

IV+ 

(а) S® — 4<;'' — ► S 

To avoid the implication that sulfur ions are formed, the apparent 
positive valence of sulfur is indicated by the + sign and Roman 
numeral IV written directly above the symbol for sulfur. In a similar 
manner, the reduction reaction may be represented as follows, 

II- 

( б ) 02 + 'te- 20 

Combining these two steps and adding, there obtains the expression, 


(a) 

eg 

1 

1 

1 

IV+ 

► S 

II- 

(6) 

O 2 “i” 4(? — ^ 

^20 

(c) 

^ 0 + (5o-_, 

8152 


This method of representing oxidation-reduction reactions mgy be 
applied in a similar fashion to other reactions involving the direct 
union of elements (see Exercises). 

18.3. Displacement Reactions 

In a manner comparable to that illustrated above, the equations 
for reactions previously cited in connection with the displacement of 
hydrogen from acids, water, and bases (Sec. 8.1) may now be rewritten 
as typical oxidation-reduction changes. Reactions involving displace- 
ment of elements other than hydrogen may be treated similarly. 

Displacement of Hydrogen from Acids.. The reaction between 
zinc and sulfuric acid, 

2n« + H+SOr Zn++SOr + 

in which zinc is oxidized and hydrogen is reduced, may be written in 
the form. 
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(a) Zno -- 2e- ZrT^+ 

(h) 2H+ + 26- Hg 

(c) Zno 4- 2H^ ^ Zn++ + H? 

In this case, however, equation (c) does not present a complete picture 
since it does not show the origin of the hydrogen ions reduced in step 
(6). Accordingly, a fourth equation must be written to show that the 
hydrogen ions were supplied by sulfuric acid, thus, 

(d) Zn« + HtSO- -> Zn++SOr 4 

Development of the final form of this equation therefore involves foui* 
rather than three steps. 

Displacement of Hydrogen from Water. The oxidation of 
magnesium and the reduction of hydrogen in the , reaction between 
magnesium and hot water, 

Mg 4 2 H 2 O Mg++(OH)r 4 H2 

may be represented as an oxidation-reduction reaction as follows: 

(a) Mgo — 2e~ — ► Mg++ 

1+ 

(b) 2H 4 2e~ ->Hg 

(c) Mg« 4 2H Mg++ 4 H? 

(d) Mg« 4 2 H 2 O Mg++(OH)r 4 H? 

In this reaction, hydrogen is the oxidizing agent and magnesium is 
the reducing agent. 

Displacement of Hydrogen from Bases. Represented as an 
oxidation-reduction reaction, the interaction of aluminum and sodium 
hydroxide 

2AI 4 6Na-"OH“* 2Na+AIOr 4 3HS 

becomes 

111+ 

(а) 2A|o - 66“ 2AI 

1+ 

(б) 6H 4 66“ 3H^ 

1+ iTi-f 

(c) 2AI« 4 6H -> 2AI 4 

id) 2A1« 4 6Na+OH“ 2 Na+(AI 03 )‘" 4 3HS 

In the compound NaJAlOj, aluminum has an apparent positive 
valence of III, since the more negative oxygen atoms each have a 
valence of II“, (3 X II~ = VI"), and each of the more positive sodium 
atoms has a valence of I+, (3X1"^== III+). Accordingly, the valence 
of A1 must be IID, since the compound must be electrically neutral. 


18.4. Decomposition of Compounds 

A very wide variety of reactions involving the decomposition of 
compounds must also be classified as oxidation-reduction reactions. 
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The products of such reactions may be the constituent elements, other 
compounds, or elements and compounds. The decomposition of 
potassium chlorate by means of heat (Sec. 3.3) 

2 KCI 03 -^ 2 KCI -fSO® 

will serve as a suitable illustration. Here, the apparent positive 
valence of chlorine in KCIO3 is V and in KCl the valence of chlorine is 
I“. Hence, in this reaction, chlorine gains electrons. By loss of 

II- 

clectroiis, oxygen is oxidized from 0 to elemental oxygen in which the 
valence is considered to be zero. 

II- 

(а) 60 - 12e- 30? 

v+ 

(б) 2CI + 12e- 2CI- 

v+ II- 

(c) 2CI + 60 2CI- + 30? 

(d) 2 KCIO 3 2K+CI- H- 30? 

METATHETICAL REACTIONS 

Quite apart from oxidation-reduction reactions that involve changes 
in valence is a class of reactions which may be represented by the gen- 
eral equation, 

AB + CD AD + CB 

wherein no (diange in valence occurs and the reaction simply takes 
place by a process amounting to “double displacement.” Such chemi- 
cal changes are usually called metathetical reactions,^ and the over-all 
process is termed metathesis. In the sections that follow, the discussion 
of metathetical reactions will be restricted to those which occur in 
dilate solutions at or near room temperature, 

18.5. Neutralization 

Reactions between acids and bases are typical metathetical reac- 
tions as may be seen from the comparison, 

AR + CZ) AZ) + CB 
H+CI- + Na+(OH)-" -4 H(OH) -}- Na+CI- 

If a dilute solution of H+ and Cl*” ions (hydrochloric acid solution) is 
added to a dilute solution of Na"^ and (0H)“ ions (sodium hydroxide 
solution), the ensuing reaction produces molecules of the slightly 

1 In addition to the use of the term metcdhetical, reactions of this general type 
are variously referred to as double decomposition reactions y ionic reactions , change-of-' 
partner reactions y etc. Since the literal meaning of the term metathetical is dis- 
placementy this term is perhaps no more suitable than any of the others. 
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ionized weak electrolyte H2O, by virtue of the union of H+ and (OH)~ 
ions, thus, 

H+ + (OH)~ -> H 2 O 

The Na+ and Cl” ions, which were already present before the acid and 
base were mixed, are also present as such after the reaction (formation 
of H2O) lias gone to completion. The salt 7 Va+CZ“ is not actually 
formed in the reaction. The ions corresponding to this salt are present 
in the solution and, of course, solid crystals of Na"‘'Cl“ may be obtained 
by evaporation of the solvent. I hus, the essential change involved 
in this mctathetical neutralization reaction is the formation of water, 
and this feature is common to all reactions between acids and bases in 
aqueous solution. 

18.6. Reactions between Salts and Acids 

The metathetical interaction of salts and acids may be illustrated 
by the following equation: 

Ag+(N03)- + H+Cl- Ag+Ci - + H+CNOa)" 

In this reaction, Ag+ and Cl” ions combine to form insoluble silver 
chloride without any actual change being experienced by the and 
(NOa)" ions, 

Ag+ + C!*- Ag-*-CI ~ 

The insoluble silver chloride (the formula of which is underscored to 
indicate the formation of an insoluble precipitate) may be removed by 
filtration, and the resulting clear solution would exhibit all the proper- 
ties of a dilute solution of nitric acid. 

18.7. Reactions between Salts and Bases 

The reaction between ammonium chloride and barium hydroxide 
serves as an example of this rather common and useful type of reaction, 

2(NH4)+C|-' + Ba++(OH)r — 2(NH4)(0H) + Ba++Clr 

The essential reaction in this case is the formation of the weak elec- 
trolyte NH4OH, 

(IMH4)+ + (OH)- -> (NH4)(0H) 

Barium and chloride ions are present as such both before and after 
the occurrence of the above reaction. 

If ammonium sulfate were to be used in place of ammonium 
chloride, 


(NH4)J'SOr + Ba++(OH);--^2(NH4)(OH) + Ba++(S04)“ 
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all the ions concerned would be involved since 


and 


Ba++ 4- (SOd- -> Ba++(S 04 ) " 


Thus one pair of ions unites to form a weak electrolyte, and the other 
pair actually combines to form an insoluble solid. Accordingly, it 
must be recognized that either one or more pairs of ions must combine 
during the occurrence of a metathetical reaction. 


18.8. Reactions between Salts 

This type of metathetical reaction may be illustrated by the inter- 
action of silver nitrate and sodium chloride, 

Ag+(NO,3)- H- Na+Cl- Ag+C! " + Na+CNOa)" 

in which the essential change is the formation of insoluble silver 
chloride, 

Ag+ + Cl~ — > Ag+CI“ 

By comparison with the reaction between silver nitrate and hydro- 
chloric acid solution (Sec. 18.6), it will be seen that these two meta- 
thetical reactions are fundamentally the same since they both occur 
for the same reason, viz,, the union of silver and chloride ions. 

Another example of this type of reaction is that between lead nitra le 
and potassium acetate, 

Pb++(N03)r + 2K+(C2H302)- Pb(C2H302)2 -f 2K+(N03)- 

a reaction that occurs because of the union of lead and acetate ions 
to form molecules of the slightly ionized weak electrolyte, lead acetate. 

18.9. Factors Involved in the Occurrence of Metathetical 
Reactions 

The preceding examples are sufficient to show that a metathetical 
reaction will occur when the concentration of one or more pairs of ions 
is decreased as a result of the formation of a weak electrolyte or an 
insoluble substance. It is also of importance not only to recognize 
that certain metathetical reactions will occur, but also to be able to 
estimate the extent to which such reactions will proceed to completion. 
The chemist is frequently faced with the problem of predicting whether 
a given metathetical reaction will occur at all and, if so, whether it will 
proceed to completion. 
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Consider, for example, the reaction between mercuric nitrate and 
sodium cyanide, 

Hg++(N 03)2 + 2Na+(CN)“- Hg(CN )2 + 2Na^{UO,)- 

One would predict that this reaction will occur because the concentra- 
tion of a pair of ions and (CN)“] will be decreased owing to the 

formation of the weak electrolyte, mercuric cyanide. Further, since 
Hg(CN)o is a very weak electrolyte, substantially all of the Hg++ and 
(CN)“ ions will become tied up in the form of molecules of mercuric 
cyanide and the reaction will proceed essentially to completion. 

Similarly, one would predict that the reaction between copper 
nitrate and phosphoric acid, 

3Cu++(N03)r + 2H3(P04) Cu3++(P04)r + SH+CNOj)- 

would not only occur but would also go to completion owing to the fact 
that copper phosphate is very insoluble and its formation results in a 
decrease in the concentration of copper and phosphate ions in the 
solution. 

On the other hand, consider the equation for a proposed reaction 
between magnesium acetate and ammonium chloride. 

Mg+^CCaHsOa)^ + 2(NH4)*^CI- Mg^^Cl^ + 2(NH4)+(C2H802)“ 

It may be seen that this reaction will not occur since neither a weak 
electrolyte nor an insoluble substance is formed. Hence, the total ion 
concentration will not be changed upon bringing together solutions of 
these two salts. 

Accordingly, the problem of deciding whether a given metathctical 
reaction will occur involves the ability to recognize (a) weak elec- 
trolytes and (6) insoluble substances. Information relative to common 
acids, bases, and salts that are classified as weak electrolytes has 
already been provided (Sec. 17.6), and some general rules relating to 
solubility relationships are outlined in the following section. Once the 
fact that a metathetical reaction will occur has been established, it 
must be recognized that the extent to which it will proceed toward 
completion is dependent upon the properties of the substance the for- 
mation of which is responsible for the occurrence of the reaction. If a 
metathetical reaction occurs because of the formation of a weak elec- 
trolyte, the weaker the electrolyte the more nearly will the reaction 
proceed to completion. Similarly, if the formation of an insoluble sub- 
stance is involved, the more insoluble the substance, the greater the 
extent of reaction. Hence, it is concluded that “completion” of 
metathetical reactions is dependent upon the effectiveness of weak 
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electrolyte or insoluble product formation in decreasing the concen- 
tration of at least one pair of ions. 

18. 10. Solubilities of Common Acids, Bases, and Salts 

Before studying the following generalizations with respect to 
solubility relationships, the student should review Sec. 9.5. 

It must be recognized at the outset that any effort to classify 
solutes in relation to the extent to which they dissolve in a solvent such 
as water is likely to be none too successful owing to wide variations in 
solubility and to difficulties involved in deciding just where to draw a 
line of demarcation between substances which are to be considered as 
soluble and those which are to be looked upon as insoluble. Neverthe- 
less, it is possible to set up a few general rules to serve as a practical 
working basis for the purpose at hand as well as for certain other pur- 
poses. The generalizations given below relate only to solubility in 
water at room temperature. 

Acids. All common acids are soluble wnth the exception of silicic 
acid [H2(Si03)], and arsenious acid [H(As02)]. 

Bases. All common bases are insoluble with the exception of the 
following : 

Ammonium hydroxide 

Sodium hydroxide (NaOH) > extensively soluble 

Potassium hydroxide (KOH) j 

Calcium hydroxide [Ca(OH)2] | 

Strontium hydroxide [Sr (OH) 2] [sparingly soluble 
Barium hydroxide [Ba(OH)2] j 

Salts. All common sodium, potassium, and ammonium salts are 
extensively soluble. 

All silver salts are insoluble except silver fluoride (AgF), silver 
nitrate [Ag(N03)], and silver chlorate [Ag(C103)]. Silver acetate 
[Ag(C2H302)] and silver sulfate [Ag2(S04)] are only sparingly soluble. 

All nitrates, acetates, and chlorates are extensively soluble except 
silver acetate (see above). 

All normal sulfates are soluble except lead sulfate [Pb(S04)], stron- 
tium sulfate [Sr(S04)], and barium sulfate [Ba(S04)], which are insoluble 
and mercurous sulfate [Hg2(S04)] and silver sulfate [Ag2(S04)], which 
are only sparingly soluble. 

All chlorides are moderately to extensively soluble except silver chlor- 
ide (AgCl) and mercurous chloride (Hg2Cl2). Lead chloride (PbCl2) is 
only slightly soluble. 

All normal sulfides, carbonates, sulfites, silic>ates, and phosphates 
are insoluble except those of sodium, potassium, and ammonium. 
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In general, acid salts are soluble. 

As the student acquires more and more information (concern- 
ing the specific properties of individual chemical compounds, it 
is inevitable that some exceptions to the foregoing generalizations will 
be encountered. 

EXERCISES 

1. Define the following terms: (a) oxidation, (6) oxidizing agent, (r) reducing 
agent, (d) reduction. 

2. List the characteristic features of oxidation-reduction reactions. 

3. Why must oxidation and reduction reactions always occur together P 

4. What is the most important distinction between oxidation-reduction reac- 
tions and metathetical reactions? 

5. Write (in steps) equations for the following oxidation-reduction reactions: 
(a) The direct union of 

(1) Lead aild sulfur 

(2) Magnesium and oxygen 

(3) Sulfur dioxide and oxygen 

(4) Carbon and sulfur 

(5) Hydrogen and oxygen 

(})) The decomposition (by application of heat) of 

(1) Potassium nitrate 

(2) Mercuric oxide 

(3) Lead dioxide 

(4) Manganese dioxide 

(c) The displacement of hydrogen by the interaction of 

(1) Zinc and hydrochloric acid 

(2) Magnesium and acetic acid 

(3) Lead and sulfuric acid 

(4) Calcium and phosphoric acid 

(5) Sodium and water 

(6) Iron and water (steam) 

(d) The displacement reaction between zinc metal and copper sulfate solution. 
{e) The production of elemental metals by the reactions between 

(1) Copper oxide and hydrogen 

(2) Ferric oxide and hydrogen 

(3) Ferric oxide and carbon monoxide 

(4) Lead monoxide and carbon monoxide 

6. Under what conditions will a metathetical reaction occur? 

7. If a metathetical reaction will occur, what determines the extent to which it 
will go to completion? 

8. Of the following pairs of similar metathetical reactions, indicate In each case 
which will proceed most nearly to completion and cite reasons for the answer in 
each case: 

(а) Sodium sulfate -f- silver nitrate 

(б) Sodium sulfate + lead nitrate 

(а) Potassium sulfide -|- sulfuric acid 

(б) Potassium cyanide + sulfuric acid 
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(а) Hydrochloric acid + barium hydroxide 

(б) Hydrobromic acid + barium hydroxide 

9. Write equations for the following indicated reactions. In each case, mark 
all strong electrolytes, all insoluble substances, predict whether the reaction will 
occur, and state the basis for each prediction: 

(а) Lead nitrate + hydrochloric acid 

(б) Strontium chloride + ammonium acetate 

(c) Coi)per sulfate + sodium phosphate 

(d) Mercuric nitrate + sodium cyanide 

(e) Zinc chloride + potassium sulfate 

(/) Phosphoric: acid + aluminum hydroxide 
(g) Nickel nitrate + sodium iodide 
{h) Ferric chloride + potassium thiocyanate 
(i) Amrncmium sulfate + sodium hydroxide 
if) Lead chloride + sodium acetate 
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CHAPTER XIX 

COLLOIDS 


Emphasis has already been placed upon the properties of matter in 
each of the three physical states and in solutions. There remain to be 
considered the characteristics of solids, liquids, and gases in a state of 
existence known as the colloidal condition or colloidal state. The var- 
ious combinations of solids and liquids, liquids and liquids, liquids and 
gases, etc., in the colloidal condition are called colloids and exhibit cer- 
tain similarities to true solutions. On the other hand, colloids and 
solutions differ in many important respects. 

19.1. Nature of Colloids 

The term colloid is derived from the Greek work feo //q jvhich means 
glim, a term rather generally suggestive of the character of many (but 
not all) colloids. The term colloid is applied to many intimate mix- 
tures of two or more substances whic h „arc usually very finely divided 
and qiutually insoluble 4 Perhaps the best means of gaining some idea 
as to the over-all nature of those materials commonly classified as 
colloids is to cite some familiar examples. Such common materials as 
milk, ink, egg white, gelatin, glue, soap, “milk of magnesia,” and many 
foodstuff's, medicinals, etc., are colloidal in character. Processes such 
as the treatment of municipal water supplies, sewage disposal, prepara- 
tion of soils for road building, drilling of oil wells, manufacture of clay 
products, and smoke abatement, either involve the use of colloidal 
materials or are dependent upon a knowledge of the properties of 
matter as it exists in the colloidal condition. 

Distinction between Colloids and Solutions. From the recog- 
nition that confusion is likely to result from certain similarities between 
colloids and solutions, it seems necessary to draw a clear distinction 
between the two before proceeding with any detailed study of colloids. 

It will be recalled that a true solution consists of a solvent in which 
is dissolved a solute in the form of units which usually are not larger 
than single molecules. Frequently when two true solutions are mixed, 
these molecules react to form an insoluble solid, the molecules of which 
collect to form particles large enough to settle to the bottom of the 
container under the influence of gravity. But occasionally one finds 

S30 
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that the insoluble solid particles that form are so small that they either 
settle out extremely slowly or remain suspended in the liquid indefi- 
nitely. Such a system, consisting of very small particles of a solid 
suspended throughout the body of a liquid, is classed as a colloid. 
The suspended particles of solid are larger than single molecules and 
consist of clusters of molecules or atoms which, for reasons which will 
be indicated later, remain suspended in the liquid. 

A similar result may also be realized by starting with a large par- 
ticle of a solid and subdividing this solid until the particles become so 
small that they will remain in suspension. For example, a cube of gold 
having edges 1 cm. in length and therefore an exposed surface area of 
6 sq. cm. would, of course, not remain suspended in water. If, how- 
ever, this cube is divided into cubes having edges only 0.01 cm. in 
length, the total number of such cubes would be 100 X 100 X 100 or 
10® cubes. Since each of these cubes has a surface area of 

6 X (0.01)2 = 6 X 10~^ sq. cm., 
the total surface area exposed by all these cubes would be 
10® X 6 X 10“^ = 600 sq. cm., 

an area one hundred times as great as that of the original cube. Upon 
being mixed with water, cubes of this size would also settle to the 
bottom of the container but, if the process of subdivision were con- 
tinued until the cubes were so small that the total exposed surface 
area were about one million times as great as that of the original cube, 
the particles would then be so small that they would remain suspended 
in water in the colloidal condition. This process of subdivision would, 
of course, involve a tremendous increase in exposed surface (as com- 
pared with that of the original cube) and, as will be shown later, this 
fact has an important bearing upon the properties of matter in the 
colloidal state. 

Dimensions of Colloidal Particles. With reference to the pre- 
ceding example, it becomes of interest to calculate the number of cubes 
into which the original cube would have to be subdivided in order to 
produce colloidal gold. Since the average diameter of colloidal par- 
ticles is approximately 10“® cm., the required number of cubes would be 
10® X 10® X 10® = 10^® cubes, each having edges 10~® cm. in length 
and a surface area of 6 X (lO"®)^ or 6 X 10“^2 gq, ^m. Accordingly, 
the total area exposed by the 10^® cubes would be 

10^® X 6 X 10’"^^ => 6 X 10® sq. cm., 

or, as indicated above, an area one million times as great as that of the 
original cube and about one-seventh the area of a football field. 
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Although the dimensions of colloidal particles could be expressed in 
centimeters or millimeters, there has been adopted another unit, the 
millimicron, more suited to the expression of small lengths. The mil- 
limicron is represented by the symbol rn/x, and is equal to one one- 
millionth of a millimeter (Le,, 10“^ mm.). 

The largest known molecules have diameters of approximately 1 
mjtx; hence, any particle having a diameter of 1 niji, or less, would exist 
in water (or other solvent) in true solution. Particles having diam- 
eters within the range of 1 to 100 m/x are, in general, considered to be of 
(‘.olloidal size. Particles of diameter greater than 100 m/x would, in 
general, be too large to remain suspended in the colloidal condition. 
Incidentally, particles having diameters of about 150 m/x represent the 
smallest objects that can be seen by means of an ordinary microscope. 
The foregoing relationships may be clarified by the accompanying 
chart. 


Dimensions of Particles of Matter 

1 iri/u 100 mfx 


j < — 
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1 Molecules 
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Colloidal 

j Ions 
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In colloidal suspen- 
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Types of Colloids. From the preceding discussion, it becomes 
rather apparent that a colloidal system must consist of a mixture of at 
least two materials. By analogy with the various possible varieties 
of true solutions, it would appear that nine combinations might be 
possible. However, since mixtures of gases are always homogeneous 
and mutually soluble, colloidal systems consisting of gases in gases are 
not possible. Of the eight remaining theoretically possible colloidal 
systems several are relatively uncommon. 

In the language of the chemistry of colloids, the particles (solid, 
liquid, or gas) and the medium (solid, liquid, or gas) in which the par- 
ticles exist in the colloidal condition are known as phases. The col- 
loidal particles are referred to as being the dispersed phase, and the 
medium in which they are dispersed is called the dispersion medium. 
In terms of these two components, the most common types of colloidal 
systems are listed in Table 24. 

Before leaving the subject of the general nature of colloidal mate- 
rials, it should be understood clearly that the existence of matter in the 
colloidal condition is largely independent of the kind of matter involved. 
For example, many chemical substances that exist in water in the form 




Sec. 19.2] 


COLLOIDS 


233 


of true solutions under one set of experimental conditions will, under 
another set of conditions or in another liquid, exist in the colloidal 
condition. The properties of matter in the colloidal state are largely 
dependent upon the state of subdivision of the colloidally dispersed 
materials. 


TABLE 24 

Common Typks of Colloidal Systems 


Dispersed phase 

Dispersion 

medium 

Example 

Solid 

Liquid 

Colloidal gold in water 

Solid 

Gas 

Smoke (particles of carbon in air) 

Liquid 

Gas 

Fog (water droplets in air) 

Liquid 

Liquid 

Emulsions (such as oil in water) 


Liquid 

Foams 


19 . 2 . Preparation of Colloids 

The available methods whereby colloids may be produced have 
already been siiggc^sted (Sec. 19 . 1 ) and may be classified broadly as 
condensation methods and dispersion methods. 

Condensation. As is suggested by the term itself, condensation 
methods involve starting with single molecules and bringing them 
together in sufficient number to build up particles having diameters 
within the range of 1 to 100 mg. A familiar example of the application 
of this method is found in the formation of a fog or mist by the rapid 
expansion of moist air. Upon being cooled by expansion (Sec. 6.2), 
the water molecules collect to form small droplet^ of colloidal size. By 
striking an electric arc between metal electrodes held under water or 
other suitable liquid, the metal is vaporized by the arc and the vapors 
condense to form particles many of which are within the range of the 
dimensions of colloidal particles. Lead, silver, copper, platinum, gold, 
and other metals have been dispersed successfully by this procedurti. 
Colloidal gold may be so produced in such a finely subdivided condition 
that the colloidal particles will settle (under the influence of gravita- 
tional attraction) only through a distance of a little more than 1 cm. 
over a period of 10 years. 

This process of building up colloidal particles from single mole- 
cules, atoms, or ions, is perhaps most commonly illustrated by reactions 
between electrolytes in true solutions. Yellow colloidal arsenious sul- 
fide may be formed by the metathetical reaction between arsenious 
acid and hydrogen sulfide. 

2 H}'AsOJ* “h 3H2S 6H2O + A82 &(ooiioI(W) 
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Similarly, reddish-brown colloidal ferric hydroxide may be produced 
by the metathetical reaction between ferric chloride and water, 

Fe+++Clr + 3 H 2 O ->3H+CI- + Fe (OH)3 (coiioidai) 

Oxidation-reduction reactions also may be employed. Thus, brown 
or black colloidal nickel may be formed by heating a solution of nickel 
carbonyl in benzene. 

I- 

(a) 4(CO) - 4e- 4CO 

1V+ 

_ Nt + \ c- Ni« 

(c) Ni(C6)4 ^ 4CO H- Ni”(o,onoidai) 

Colloidal sulfur may be prepared by the interaction of hydrogen sulfide 
and sulfurous acid. 

(o) 2S- - \e ■ -28" 

IV + 

(6) S -h ie- S" 

IV+ ' 

(c) 2S*' -h s 38® 

(d) 2H28 -I- H28O, 3H2O + 38«(conoidal) 

Many other metathetical and oxidation-reduction reactions may be 
employed similarly in condensation methods for the preparation of ele- 
ments or compounds in the colloidal condition. 

Disx>ersion. Tlie process of producing colloids by starting with 
large particles and breaking them down into particles of colloidal size 
is known as dispersion or peptization. This type of method is illus- 
trated by the following examples: 

1. In recent years mechanical grinding machines (colloid mills) have 
been invented for this purpose and are remarkably effective in produc- 
ing colloidal particles having diameters as small as 5 mg. 

2. Colloids consisting of liquids dispersed in liquids may sometimes 
be prepared merely by shaking the two liquids together either manually 
or by mechanical agitation. Mixtures of butterfat and milk may be 
rendered colloidally homogeneous (“homogenized”) by subjecting the 
mixture to high pressures and forcing the mixture through a very fine 
orifice. The fat globules are thereby dispersed uniformly throughout 
the body of the liquid milk. 

3. In one sense, the production of colloidal metals by the use of an 
electric arc may be classified as a dispersion method since dispersion 
of the metal in the form of vapor must necessarily precede condensation 
of these vapors, 

4. Some substances are peptized merely by contact with a suitable 
dispersion medium. For example, materials such as glue and gelatin 
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are peptized upon contact with water and thereupon assume a colloidal 
condition rather than dissolving to form true solutions. Similarly, 
when one attempts to wash (with water) freshly precipitated zinc 
sulfide on an ordinary filter paper, the sulfide is frequently peptized 
by the water and the colloidal particles pass through the small pores 
in the filter paper. 

19.3. Purification of Colloids 

The stability of a colloid is often influenced adversely by the pres- 
ence of molecules or ions dissolved in the dispersion medium. Conse- 
quently, in order to stabilize a colloid, it may become necessary to 



subject it to a purification process known as dialysis. This procedure 
is carried out by enclosing the colloidal system in a membrane such as 
parchment paper or collodion, and immersing the bag and its contents 
in pure solvent, e.g,, water, as shown in Fig. 83. The dissolved impuri- 
ties diffuse through the membrane and may be progressively removed 
by providing for continuous introduction of fresh water. Owing to the 
fact that either the membrane is selectively permeable only by solute 
particles or that the solute particles diffuse much more rapidly than 
the larger colloidal particles, an extended dialysis is frequently very 
effective as a means of purification. This method is used largely in the 
purification of colloids consisting of solids dispersed in liquids. 

19.4. Properties of Matter in the Colloidal Condition 

Two important characteristics of colloids have already been con- 
sidered, I’.e., the dimensions of colloidal particles and the tremendous 
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surface area exposed by a given weight of matter in the colloidal condi- 
tion. Several other properties are, in some measure, shared by col- 
loids in general, and these properties are useful in identifying and 
characterizing colloids. 

Tyndall Effect. When a strong beam of light is passed through a 
solution, the path of the beam is not visible to the unaided eye^ If, 
however, this beam of light is passed through a colloid, the small c.o\- 


0=0 

Liqhf 

source 



□= 0 ) 

Light 

source 



True solution Colloid 

Fig. 84. — Tyndall effctd. The path of a beam of light appears as a Tyndall cone 
in the case of a colloid but- not in the case of a true solution. 


loidal particles act as reflectors and the path of the beam is visible as a 
turbid cone (Fig. 84). Named for the scientist who lirst observed and 
described it, this phenomenon is known as the Tyndall effecl and the 
visible path of the light is known as a Tyndall cone. The same sort of 
effect is commonly observed when a beam from a searchlight passes 
through a fog, mist, or smoke. 

Brownian Movement. If a Tyndall cone is viewed through a 



Fig. 85. — Illustration of 
Brownian movement. 


microscope placed at right angles to the beam 
of light, the motion of the light reflected from 
the colloidal particles gives evidence that the 
particles are in motion (Fig. 85). Such a 
device is known as an iiltramicroscope and 
enables the observer to view the unordered 
motion of colloidal particles which are not 
much larger than some molecules. This mo- 
tion of colloidal particles was first observed 
in 1827 by the Scotch botanist, Robert 
Brown, and has since been known as Brownian 


movement As a result of his studies of the Brownian movement by 
means of an ultramicroscope, the French chemist, Jean Perrin, found 


it possible to measure directly the size, mass, and velocity of motion of 
certain colloidal particles. From these data, the kinetic energies of the 
particles were calculated. Perrin found that, at any given temperature, 
the average kinetic energy is the same for particles of wiMy different mass 
and of the same order of magnitude as the average kinetic energy of gas 
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molecules at the same temperature. It is of interest to consider these 
striking results in the light of the kinetic-molecular theory (Sec. 5.2) 
and to recognize that the inherent kinetic energy of the individual par- 
ticles is an important factor bearing upon the stability of colloidal 
systems. 

Electrical Properties. When a colloid is placed in the space 
between two electrodes arranged in a cell, such as that shown in Fig. 
86, and a relatively high voltage is employed, the colloidal particles 
migrate slowly toward either the positive or the negative electrode. 
Colloidal metals and metal sulfides usually migrate toward the positive 
electrode; hence, it is concluded that these particles must bear a nega- 
tive charge. Correspondingly, most colloidal hydroxides of the metals 
move toward the negative electrode, a fact that indi('ates that these 



Fic. 86. — IVligratioTi of negatively charged colloidal partich^s. 

colloidal particles bear a positive charge. The magnitude of the elec- 
trical charges borne by colloidal particles is far greater than the charges 
of individual ions, and the relatively slow migration of these particles 
is attributed to their relatively great size. Since colloidal particles 
usually consist of clusters of electrically neutral atoms or molecules, 
there arises immediately a question as to the origin of the charges 
possessed by colloids. The answer to this question requires some addi- 
tional information concerning the subject of adsorption. 

Adsorption. Although the molecules in the interior of a colloidal 
particle are attracted equally in all directions by other molecules, those 
on the surface of a colloidal particle are in a condition similar to that 
experienced by molecules in the surface of a liquid (Sec. 6.3), f.e., they 
are subject to unequal forces of attraction. Since colloidal particles 
possess great surface area, there are many such molecules in the surface 
of a single pai ticle. These molecules, therefore, are capable of attract- 
ing and holding other molecules, atoms, or ions. The ability of col- 
loidal particles and other finely divided forms of matter to attract and 
hold molecules, atoms, or ions on their surfaces is known as adsorption. 
The property of adsorption plays an important role in many processes 
including the adsorption of poisonous gases on the charcoal contained 
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in gas masks, the flotation df ores (Sec. 26.2), tlie bleaching of cotton- 
seed oil by means of fuller’s earth, etc. 

Suspensoids. The electrical charge borne by colloidal particles 
is due to the adsorption of ions from the surrounding medium. As is 
true of adsorption in general, the adsorption of ions by colloidal par- 
ticles is highly selective. That is, a given colloidal particle may adsorb 
positive ions and not negative ions, while with other kinds of colloids, 
the reverse is true. Since colloidal particles of any particular kind all 
adsorb ions of the same charge, these particles tend to prevent coagula- 
tioii and hence contribute to the stability of colloidal systems. Colloids 
in which the dispersed phase consists of particles that selectively adsorb 
ions from the dispersion medium are known as suspensoids. The vis- 
cosity of a suspensoid is usually not greatly diflerent from the viscosity 
of the dispersion medium. 

Emulsoids. In contrast to suspensoids, there are colloids which 
are less selective with regard to the adsorption of ions and which 
exhibit a marked tendenc^y to adsorb molecules of the dispersion 
medium. Such colloids are known as emulsoids. As the particles 
continue to adsorb molecules of the dispersion medium, they appear to 
swell, and this swelling process may continue until the entire system 
assumes a semirigid condition such as exists in glues, jellies, etc. This 
swelling process is commonly observed whim dried fruits are placed in 
contact with water. In semiarid regions, certain forms of plant life 
retain moisture over long periods of time because they contain colloids 
that are capable of adsorbing water to an unusual extent. In any 
event, the extent of adsorption of the dispersion medium depends upon 
the specific character of the emulsoid, the temperature, and the acidity 
of the environment. It is rather apparent that the viscosity of an 
emulsoid is usually much greater than that of the dispersion medium. 

19.5. Jellies and Gels 

The adsorption of molecules of the dispersion medium by the col- 
loidal particles in an emulsoid may continue until most of the disper- 
sion medium has been adsorbed. As this process continues, the colloid 
becomes increasingly viscous and finally sets to a semirigid mass which 
is commonly described by the term jelly. Familiar examples include 
fruit jellies, in which a substance known as pectin yields the emulsoid 
particles that adsorb the colored and sweetened water solution serving 
as the dispersion medium. Jelly formation is involved also in the 
preparation of gelatin desserts. 

If the dispersion medium is removed from a jelly, the resulting 
amorphous solid material frequently possesses a very porous structure 
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and is called a get If water or alcohol, for example, is the dispersion 
medium, a jelly may sometimes be converted to a gel simply by 
cautious application of heat. Silica gel (Si02) and alumina gel (AI2O3) 
may be produced in this manner. Gels commonly have a structure 
somewhat like that of a sponge or honeycomb. Accordingly, gels 
present relatively great exposed surfaces and are rather commonly used 
as carriers for catalysts, as deodorants, and as adsorbents for other 
purposes. 

19.6. Coagulation of Colloids 

Colloids are produced in the laboratory and commercially because 
such substances possess useful properties. On the other hand, it is 
frequently true that in an effort to form precipitat(5S, the objective is 
not realized because the material desired in the form of a precipitate 
actually appears in the colloidal condition. Consequently, it may be 
just as important to know how to destroy (or coagulate) colloids as it is 
to know how to produce them. Disturbance of those factors which are 
responsible for the stability of a colloid usually results in coagulation 
(or precipitation). In general, suspensoids are more easily coagulated 
than ernulsoids. 

Coagulation of Suspensoids. Since the electrical charge borne 
by suspensoid particles is the chief factor responsible for the stability 
of suspensoid colloids, neutralization of this charge usually results in 
precipitation. Addition of an electrolyte that furnishes ions of charge 
opposite to that of the charge borne by the suspensoid particles is com- 
monly effective in causing coagulation at ordinary temperatures and 
more effective at elevated temperatures. Upon neutralization of the 
charges on the suspensoid particles, there is no longer an electrical 
repulsion of one part icle by another, and the particles collect upon col- 
lision until the Brownian movement is no longer capable of keeping 
these enlarged particles in suspension. Elevation of the temperature 
serves to increase the kinetic energy of the particles which results in 
increased frequency of collision and consequently accelerates the 
coagulation process. The valence of the ion of the precipitating 
electrolyte has a marked bearing upon its efficiency. A divalent ion 
is many times more effective than a univalent ion, and a trivalent ion 
is often hundreds of times more effective than a univalent ion. Thus, 
in the coagulation of the negatively charged particles of arsenious sul- 
fide, aluminum ion (AU"^) would be more effective than calcium ion 
(Ca++), which in turn would be more effective than sodium ion (Na*^). 

If suspensoids of opposite charge are brought together, coagulation 
usually occurs as the result of mutual neutralization of charges. Thus. 
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the mixing of a positively charged ferric hydroxide suspensoid and a 
negatively charged arsenious sulfide suspensoid results in precipitation 
of both. 

Coagulation of Emulsoids. The stability of an emulsoid is due 
to (a) the electric charge borne by the emulsoid particles and (6) the 
layers of adsorbed dispersion medium on the surface of the emulsoid 
particles. The coagulation of emulsoids may be accomplished by 
elimination of the factors responsible for their stability. For example, 
if water is the dispersion medium, the emulsoid particles may often 
be stripped of adsorbed molecules by an elevation of temperature 
(boiling) or by the addition of a dehydration agent such as alcohol. 
Once this has been accomplished, neutralization of the electrical charge 
usually results in complete coagulation. Sometimes, heating alone will 
accomplish coagulation; in other cases the addition of a dehydrating 
agent (without heating) is effective. 

19.7. Emulsions 

When two mutually insoluble liquids, such as kerosene and water, 
are thoroughly shaken together, the resulting mixture consists of tiny 
droplets of the two liquids dispersed throughout each other. Owing 
to the surface tension forces (Sec. 6.3) that cause licpiids to tend to 
present the least possible exposed surface, the small drops of kerosene 
and water will, upon standing, coalesce into larger and larger drops 
until finally the water and kerosene separate into two distinct layers. 
Frequently the addition of a third substance will stabilize the disper- 
sion to such an extent that the tiny drops remain dispersed. Such a 
colloidal dispersion of one liquid in another is called an emulsion. The 
stabilizing action of the added substance usually depends upon its 
ability to lower the surface tension of the liquids concerned. Sub- 
stances employed in the stabilization of emulsions are known as 
emulsifying agents. Occasionally stable emulsions are produced when 
two liquids are mixed because one of the liquids contains an impurity 
that acts as an emulsifying agent. 

Numerous examples of useful emulsions might be cited. Milk, 
mayonnaise, certain lubricants, etc., are familiar examples. Soap is 
rather commonly used as the emulsifying agent in the formation of 
oil- water emulsions. If a sodium soap is employed, the oil will be 
dispersed throughout the body of the water, while use of a calcium 
soap results in an emulsion in which the water is the dispersed phase 
and the oil is the dispersion medium. The cleansing action of a soap 
is an interesting example of the formation of emulsions. The dirt 
on the hands, for instance, is usually surrounded by a thin film of 
grease or oil. Pure water does not emulsify this oil or grease, but soap 
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lowers the surface tension between the water and oil and thus results 
in the formation of a stable emulsion which encloses the particles of 
dirt, and the whole may then be rinsed away with water. 

19.8. Applications of Colloids 

At various points in the preceding discussion, numerous examples 
of the use of materials in the colloidal condition have been cited. Some 
additional applications of considerable importance remain to be 
considered. 

Smoke Abatement. Smoke consists of fine particles of carbon 
dispersed colloidally in a gaseous dispersion medium, the air. The 
problem of eliminating smoke nuisances resulting from smoke produc- 
tion in chemical and other manufacturing plants, particularly where 
bituminous coal is used as a fuel, was solved by the American chemical 
engineer, F. (i. Cottrell, in 1911. The Cottrell process involves passing 
the smoke between two electrically charged plates. The charged col- 
loidal particles are attracted to the plate bearing the opposite charge 
and, upon neutralization of the charge borne by the partic les of carbon, 
thc^y coagulate to form grains too large to exist in the colloidal condi- 
tion. This results not only in the substantially complete elimination 
of the smoke nuisance but also in the recovery of considerable quanti- 
ties of carbon which may be used as a fuel or for other purposes. 

Formation of Deltas. When the muddy waters of a fresh-water 
stream flow into a body of “salt water,” the colloidal materials in the 
muddy water are precipitated by the high concentration of dissolved 
electrolytes in tlie sea water. Thus, the vast reaches of the Missis- 
sippi delta region have been built up, at least in part, by the coagulating 
action of electrolytes present in the waters of the Gulf of Mexico. This 
factor has, therefore, an important bearing on the navigability of 
waters near the mouths of rivers. 

Vital Processes. The subject of colloid chemistry is particularly 
important to students of botany, biology, and medicine, since all 
vital processes of plants and animals are intimately concerned with 
colloidal materials. The germination of seed, the growth of plants, and 
the very structure of the plants themselves involve complex colloidal 
materials to a predominant extent. The protoplasm that is the basis 
of all animal life is essentially colloidal in character. Furthermore, 
most foodstuffs essential to the maintenance of animal life are colloids 
of one kind or another. 

Protective Colloids. In the commercial production of colloidal 
products, stabilization is often accomplished by addition of so-called 
protective colloids, which are usually emulsoids. Thus, in forming 
mayonnaise salad dressing an emulsion of a salad oil (olive oil, cotton- 
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seed oil, etc.) in vinegar (a dilute water solution of acetic acid) is 
stabilized by the addition of egg yolk. The smooth texture of good- 
quality ice cream may be produced by adding gelatin which serves as a 
protective colloid, while gum arabic serves the same purpose in marsh- 
mallows. In the manufacture of india ink, colloidal carbon is stabilized 
by the use of protective colloids consisting of various gums. Certain 
useful lubricants consist of colloidal graphite stabilized by tannin, a 
protective colloid which also finds extensive use in the ceramic 
industries. 

EXERCISES 

1. What is the essential difference between (a) suspensoids and ennilsoids, 
(6) emulsoids and emulsions, (c) colloids and true solutions, (d) jellies and gels? 

2. Define the following terms: (a) dialysis, (h) protective colloid, (c) emulsify- 
ing agent, (d) ultramicroscope, (e) Tyndall elfect, (/) Brownian movement, 
(ff) millimicron, (h) dispersed phase, (i) dispersion medium, (j) adsorption. 

3. Make a list of at least 10 natural or artificial materials that are colloidal in 
character. 

4. With regard to colloids, list methods that are practically usefid in (a) 
preparation, (6) purification, (c) stabilization, and (d) coagulation, and indi(?ate 
briefly the characteristic features of these methods. 

5. Draw an enlarged diagram of an emulsoid particle in a manner that will 
serve to explain why the addition of an electrolyte might fail to coagulate such a 
colloid. 

6. To what properties do the various types of colloids owe their stability? 

7. In what respects are colloidal particles and gas molecules similar? 

8. In the study of colloids, why is the property of viscosity of importance? 

9. What is meant by the mutual precipitation of colloids? 

10. If a negative colloid is to be precipitated by the addition of an electrolyte 
which, of course, furnishes both positive and negative ions, why is it that the addi- 
tion of negative ions does not further stabilize the colloid and thus counteract the 
precipitating action of the positive ions? 

11. If one wished to coagulate a positive colloid by the addition of an electro- 
lyte, what electrolytes would be most effective? 
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CHAPTER XX 

IONIC EQUILIBRIA 


On the basis of a knowledge of the general characteristics of reversi- 
ble reactions and chemical equilibrium (Chap. XII) logetlier with 
information acquired in the study of theories of ionization (('hap. 
XVII), it is possible to pursue further tlie study of reactions of ions 
in solution. The ionization of weak electrolytes and numerous impor- 
tant kinds of rnetathetical reactions (Chap. XVIII ) are concerned with 
equilibria involving ions. The study of such equilibria is particularly 
important in relation to their applications to problems in analytical 
chemistry, both qualitative and quantitative. 

20.1. Ionization of Weak Electrolytes 

The ionization of a solution of a weak electrolyte is represented as 
an equilibrium between un-ionized molecules of the solute and its ions. 
For example, the following equations illustrate, respectively, the ioni- 
zation of a weak acid, HC2II3O2, and a weak base, NH4OH: 

HC2H3O2 H+ + (C2H302)- 
NH40H;r±(NH4)^ -f (OH)- 

In 0.1 solution of ammonium hydroxide, the concentration of 
ammonium and hydroxyl ions is very low, since at this concentration 
NH4OH is only 1.3 per cent ionized (Sec. 17.6). Because these two 
ions must be formed in equivalent amounts, the actual concentrations 
present in a 0.1 A" solution are 

[NH4+] = [OH-] = 0.1 X 0.013 = 0.0013 N 

Thus, while the solution is 0.1 N with respect to the total potential 
NH4OH content of the solution, it is only 0.0013 N with respect to 
NH| and OH™, owing to the slight degree of ionization. The equi- 
librium constant for this reaction is given by the following expression: 

[NH|] X [OH-] ^ 

[NH4OH] 

where Ki represents an “ionization constant” which is nothing more 
than the equilibrium constant for an ionization equilibrium. By sub- 
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stituting the actual numerical values for the three concentration terms, 

0.0013 X 0.0013 ^ ^ 

1 - 0.0013 

and solving, the numerical value for the ionization constant is obtained : 

^. 0013 )'^ _ j. 

0.0987' 

0.0000171 - Ki 
1.71 X 10-^ - Ki 

In effect, the concentration of un-ionized molecules of ammonium 
hydroxide is so large in comparison with the conc^entration of its ions 
that, for most purposes, the term [NH4OH] may be considered to be 
constant. By eliminating this term and considering only the concen- 
tration of the ammonium and hydroxyl ions, there obtains, 

[Nllt] X [OH-] = Ki 
.0013 X 0.0013 = Ki 
1.69 X 10-*^ = Ki 

In this case, the constant is more properly referred to as the ion product 
constant The particular numerical value given above corresponds to 
a 0.1 N solution of NH4OH, and different values would be found for 
different concentrations of the weak electrolyte. Similar calculations 
may be made for acetic acid or any other weak electrolyte but not in 
the case of strong electrolytes that are completely ionized. In this 
latter case, correction would have to be made for the fact that, except 
at very low concentrations, the ions of strong electrolytes are not 
completely active (Sec. 17.4). 

Common Ion Effect. Continuing to use the case of ammonium 
hydroxide as an example, suppose that, by adding a soluble ammonium 
salt such as ammonium nitrate, the concentration of ammonium ions 
is increased from 0.0013 N to 1.0013 TV. Under these conditions, the 
number of ammonium ions in the solution will have been so greatly 
increased that hydroxyl ions will collide with ammonium ions much 
more frequently than in the original 0.1 TV ammonium hydroxide solu- 
tion. This results in the formation of more un-ionized molecules of 
NH4OH, i.e., the reverse reaction 

nh 40 H;:±nh+ -f oh- 

is favored by the increase in the concentration of ammonium ions. 
Since the concentration of ammonium ions has been increased and 
because the numerical value of the ionization constant must remain 
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the same, it follows that the concentration of hydroxyl ions must 
decrease. Accordingly, let m = the fraction of the total normality 
of OH“ (or NH+) consumed in the establishment of the new equilib- 
rium mixture. The actual concentration of ammonium and hydroxyl 
ions remaining will be (1.0013 — m) and (0.0013 — m); hence, 

(1.0013 - m) X (0.0013 - m) = 1.69 X lO"® 

m = 0.0012987 TV 

Thus, the concentration of ammonium ions is decreased from 1.0013 TV 
to 1.0013 — 0.0012987, or a value not much less than 1.0013 TV. On 
the other hand, the concentration of hydroxyl ions has been decreased 
from 0.0013 TV to 0.0013 — 0.0012987, or to 0.00000013 TV, a value only 
one one-thousandth as great as that for the concentration of hydroxyl 
ions of the 0.1 TV ammonium hydroxide solution before addition of 
ammonium nitrate. 

The foregoing case illustrates a situation which is common to all 
weak electrolytes and which is usually referred to as the common ion 
effect If to a solution of a weak electrolyte one adds a strong elec- 
trolyte which furnishes an ion in common with one of the products of 
the ionization of tlie weak electrolyte, a new equilibrium mixture con- 
taining more uu-ionized molecules of the weak electrolyte will (owing to 
mass action) result. The concentration of the noncommon ion will be 
decreased to an extent that is dependent only upon the quantity of the 
common ion introduced. 

Utilization of the Common Ion Effect. It is frequently pos- 
sible to take advantage of the operation of the common ion effect in 
exercising control over the concentration of ions in solutions. Suppose 
that for some particular purpose one wished to use 0.1 TV acetic acid 
but found that the concentration of hydrogen ions in the solution was 
too great for the purpose at hand. Since acetic acid ionizes as follows, 

HC2H3O2 ^ + (C2H3O2)- 

the addition of the strong electrolyte sodium acetate would serve to 
increase the concentration of acetate ions. This would result in the 
production of a new equilibrium mixture containing more un-ionized 
molecules of HC2H3O2, thus decreasing the concentration of hydrogen 
ions. By making suitable calculations similar to those illustrated 
above, one could calculate the weight of sodium acetate required to 
lower the concentration of hydrogen ions to any desired value. 

In the systematic procedures of chemical analysis also, advantage 
may be taken of the operation of the common ion effect in preventing 
the undesirable partial precipitation of certain ions from their solutions. 
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This situation may be illustrated by the case of magnesium ions. If, 
to a solution of magnesium nitrate, or any other soluble magnesium 
salt one adds ammonium hydroxide solution, the concentration of 
hydroxyl ions supplied by the ionization of NH4OH is sufficient to 
permit the occurrence of the metathetical reaction, 

Mg++(N03)r + 2NH4OH — Mg(OH )2 + 2NH+NO^ 

A white precipitate of insoluble magnesium hydroxide appears but, 
under these conditions, only a part of the magnesium ions in the solu- 
tion will be converted to insoluble magnesium hydroxide. Initially, 
the precipitation reaction proceeds rapidly but becomes progressively 
slower until finally equilibrium is established before the forward reac - 
tion can reach completion. The reason for this behavior lies in the fact 
that for every molecule of magnesium hydroxide formed there is formed 
also a molecule of the strong electrolyte, NH^NOj. Thus, as the for- 
mation of magnesium hydroxide proceeds, the [NH|] is progressively 
increased and this, by the common ion effect, operates to depress the 
ionization of ammonium hydroxide to such a point that tlie [OH~] 
becomes insufficient to permit further formation of magnesium hydrox- 
ide. In chemical analysis, partial precipitation of any ion is usually 
undesirable. Hence, it would be better to prevent entirely the pre- 
cipitation of Mg"^"^ as the insoluble hydroxide. This can be accom- 
plished by adding, in advance, an ammonium salt such as ammonium 
nitrate. If this is done before addition of ammonium hydroxide, the 
[NHt] will be so great that the resulting [OH~] will be too small to per- 
mit formation of any insoluble magnesium hydroxide. 

20.2. Hydrolysis 

The term hydrolysis is used to describe metathetical reactions in 
which water is one of the reactants. Water is a very weak electrolyte 
which ionizes as follows: 

H 20 ;=tH+ + OH- 

At 25®C., the concentration of hydrogen ions in pure water is 0.0000001 
or 1 X 10“^ N and, since the two ions are formed always in equivalent 
amount, the concentration of hydroxyl ions has the same value. 
Hence, the ion product constant is 

[H+] X [OH-] = K, 

(1 X 10-^) X (1 X lO-^) = Ki 
1 X 10-14 = Ki 

Since this value for the ion product is maintained in aqueous solutions, 
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any factor that changes the concentration of either of these ions will 
result in a corresponding change in the concentration of the other, but 
in an opposite direction. Thus, a water solution which is I N with 
respect to hydrogen ions must be 1 X 10“^^ with respect to hydroxy 1 
ions since 


[H+] X [OH-] - 1 X 10-14 
1 X [OH-] = 1 X 10-14 
[Oil-] = 1 X 10-14 

Conversely, if a water solution is 1 with respect to hydroxyl ions, it 
must be 10“i4 N with respect to hydrogen ions. 

When solid potassium cyanide is ^dded to pure water, a reaction of 
hydrolysis ensues and the salt is said to be hydrolyzed. 

K+CN- + HOH ^ K+OH- + HCN 


It will be observed that this and other reactions involving hydrolysis 
are essentially the reverse of the corresponding neutralization reactions. 
Thus, in the preceding example, a salt and water react to form a strong 
base and a weak acid. By virtue of the occurrence of this reaction, 
tlie [H+] is decreased because hydrogen ions are bound up in the form of 
extremely slightly ionized molecules of hydrocyanic acid (HCN). 
Furthermore, the inherent slight degree of ionization of HCN is ren- 
dered still less extensive owing to a common ion elfect brought about 
by the high [CN“] furnished by the strong electrolyte, potassium 
cyanide. Direct experimental measurement of the conc‘entration of 
hydrogen ions in a water solution of potassium cyanide sliows that 
[H^j = 1 X 10“^^ N. Since thq^^D] has been decreased, th(i [OH”] 
must increase, and the numerioal value of the [OH”] must be such that 
the ion product of water wijKbe maintained, i.e., 


[ID] X>{0H-] = 1 X 10-44 
(T X 10-40) X [OH-] - 1 X 10-44 

[OH-’ 1 X 10-'^ 


1 X 10-‘“ 

[OH-] = (1 X 10-'^) X (1 X lO*") 
[OH-] = 1 X 10-^ N 


When the concentration of hydroxyl ions reaches this value, the ioniza- 
tion of water is depressed to such an extent that further hydrolysis of 
the potassium cyanide cannot occur. Thus, the extent of hydrolysis 
of KCN is dependent upon the extent to which un-ionized molecules of 
HCN are formed. 
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When sodium acetate is hydrolyzed, 

Na+CaHaOl + HOH ^ Na+OH" + HC2H3O2 

the actual extent to which hydrolysis will occur before equilibrium is 
established will be less than in the case of KCN, because HC2H3O0 is a 
stronger acid than HCN and is therefore less effective in tying up the 
hydrogen ions provided by the ionization of water. Accordingly, in 
the case of sodium acetate, the [H+] is greater, and the required increase 
in the [OH~] (to permit maintenance of the value of 1 X for the 
ion product of water) is less; hence, sodium acetate is less extensively 
hydrolyzed than potassium cyanide. 

Hydrolysis in Relation to Types of Salts. It is apparent from 
the preceding examples that the occurrence and the extent of hydrolysis 
are related to the nature of the acid and base which might be considered 
as the “parents” of the partic ular salt. Fortunately, it is possible to 
consider hydrolysis in terms of such relationships. 

1. SaMs of Strong Acids and Strong Bases, Ordinarily sodium chlor- 
ide might be expected to hydrolyze as follows: 

Na+CI- -f HOH — Na+OH- -f H+CI’ 

However, the products Na"^On~ and H+Cl” are both strong electro- 
lytes and the ions of each are essentially equally highly active. Conse- 
quently, the occurrence of this reaction could produce nothing that 
would result in any unbalancing of either the [H ^] or the [OH~] cor- 
responding to that of pure water. Hence, in a water solution of sodium 
chloride, [H^] = [OH~] = 1 X 10~^, the ion product constant is essen- 
tially the same as that for pure water and this leads to the conclusion 
that there is no reason why such a salt should hydrolyze. Salts of 
strong acids and strong bases are not appreciably hydrolyzed. 

2. Salts of Strong Bases and Weak Acids, As has already been 
shown in the case of potassium cyanide and sodium acetate, salts of 
strong bases and weak acids hydrolyze to form basic solutions* 
In any given case, the extent of hydrolysis is inversely proportional to 
the ionization constant of the weak acid formed in the hydrolytic reac- 
tion. In general, the weaker the acid that is formed, the greater will 
be the extent of hydrolysis. 

3. Salts of Weak Bases and Strong Acids, The hydrolysis of a salt 
such as ammonium chloride would be expected to occur as shown by the 
equilibrium, 

NHJCI- -h HOH ;;± NH4OH -f H+CI- 

since hydroxyl ions become bound up in the formation of slightly 
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ionized molecules of the weak base, NH4OH. If the [OH~] is thereby 
decreased, hydrolysis must continue until the [H+] is increased to such 
a value that the product of these two ion concentrations will be equal 
to 1 X 10“^^. Thus, the extent of hydrolysis of a salt of a weak base 
a n^d a strong ara'd is inversely proportional to th e ionization constan t 
of the we ak ba se, i.e., the weaker the base that is formed in the hydro- 
lytic reaction, the greater will be the extent of hydrolysis. Saits of 
weak bases and strong acids hydrolyze to form acidic solutions. 
This generalization applies equally well to bases such as Fe(OH)3, 
Bi(OH)3, and Cu(OH)2, which are weak bases by virtue of the fact that 
they are practically insoluble in water. 

4. Salts of Weak Acids arid Weak Bases, The equation for the reac- 
tion between arnmoJiium acetate and water, 

NH|C 2 H 30 r + HOH — NH4OH + HC2H3 Q2 

shows that the products consist of a weak acid and a w^eak base, both 
of which are ionized to essentially the same extent. For this reason, 
the ionization equilibrium of water is progressively displaced to the 
right to provide and OH“ ions which are subsequently utilized in 
the formation of slightly ionized molecules of acetic acid and ammo- 
nium hydroxide. Thus, the hydrolysis proceeds far toward completion 
since neither a high [11+] nor [OH~] is produced to prevent further 
hydrolysis. Accordingly, it may be said that salts of weak acids and 
weak bases are extensively hydrolyzed to form neutral, weakly 
basic or weakly acidic solutions, depending on the relative 
‘‘strengths” of the parent acids and bases. 

20.3. Acid-base Reactions 

Although the nature of acids and bases as well as neutralization 
reactions has already been discussed (Chap. XI and Sec. 18.5), cer- 
tain aspects of acid-base reactions may be considered profitably in 
terms of a considerably different point of view. 

Br0nsted Theory. In view of the fact that pure gaseous hydro- 
gen chloride is a predominantly covalent compound which does not 
possess the properties of an acid, there should be some means of 
explaining why a water solution of hydrogen chloride (hydrochloric 
acid) exhibits the properties of a solution of a strong electrolyte. 

An explanation may be provided on the basis of a theory proposed 
by Br0nsted (Fig. 87) in 1923. The characteristic feature of this 
theory is that it broadens one’s viewpoint to the extent of including as 
acids and bases many substances not previously classified under these 
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headings. In terms of Br0nsted’s views, when HCl is dissolved in 
water the following equilibrium is established: 

HCl -f H20;rt (HaO)^ + Cl" 

The acidic properties of the solution are attributed to the ion (HsO)*^, 
which is known as the hydroniiim ion and which is considered to be a 
hydrated proton, i.c., U+ II20. On this basis, the interaction of 
sodium hydroxide and hydrochloric acid would be represented by the 
equation, 

(H 30 )+CI- + rsla+(OH)- 2 H 2 O + Na+Cl- 

The ionization of other acids and their reactions with bastis may be 
represented in a similar manner. 

In the light of this point of view, an acid may be defined as any sub- 
stance (molecaile or ion) that is 
capable of furnishing or donating 
a hydrogen ion (lc., a proton). 
Thus, the HCl is considered to b(' 
an acid because it donates a protor> 
to the water molecule in the forma- 
tion of the hydronium ion. Simi- 
larly, a base is defined as any 
molecule or ion capable of accepting 
a proton. Accordingly, the water 
molecule should be classified as a 
base in these reactions since it 
unites with (accepts) a proton in 
the process of forming the hy- 
dronium ion.^ The hydroxyl ion 
(OII)“, the acetate ion (C 2 H 302 )'~, 
the carbonate ion (CO 3 )"", and in 
fact any negative ion capable of 
uniting with hydrogen ions would 
Fig. 87.— J. N. Br0nsied (1879- ). also be classified as a base. 

(Courtesy of Prof esaor Ralph E. Oesper Although useful in explaining 

Unii,ersity of Cincinnati.) chemical behavior 

not otherwise readily understood, the Br0nsted theory has certain 

1 Although a water molecule that accepts a proton should be classed as a base, 
any water molecule that furnishes a proton must be classed as an acid. Thus, in 
the ionization of water, 

2H2O HaO'^ -h OH- 

one water molecule acts as an acid and the other as a base (see Sec. 20.5). 
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serious limitations and shortcomings. For this reason, the use of these 
views will be limited to those few cases in which it is believed that satis- 
factory explanations cannot be provided on any other basis. It is 
significant that, although the Br0nsted theory is a relatively modern 
development, there is at the present time considerable reason for believ- 
ing that it may be superseded in the future by a still more comprehen- 
sive theory of acids, bases, and acid-base reactions. 

Relative Strengths of Acids and Bases. In terms of the 
Br0nsted theory, the relative strengths of any two acids are dependent 
upon their relative abilities to serve as proton donors. The ionization 
of hydrochloric and acetic; acids may be represented by the equilibria, 

HCI + H,0,-=± f Cl- 

HC2H3O2 + H2O ^ + C2H3O7 

The ionization equilibrium of HCI is shifted far toward tlie right while; 
that of HC2H3O2 is displaced to the right to cnily a relatively slight 
extent. Thus, HCI is said to be a stronger acid than HC2H3O2 because 
it is a much more active proton donor. 

Looking upon these same equilibria from the standpoint of the rela- 
tive strengths of the bases involved, one must recognize that, in each of 
these cases, two bases (proton acceptors) are completing for the protons 
donated by the acids. Thus the two bases, ILO and Cl“, compete for 
the proton furnished by HCI and, since the equilibrium is shifted far 
toward the right, one must conclude that the water molecule is a 
stronger base than the chloride ion. Similarly, in the case of acetic 
acid, the acetate ion must be a stronger base than the water molecule 
for in this case tlie equilibrium is shifted far toward the left. Further- 
more, it follows that the acetate ion must be a considerably stronger 
base than the chloride ion. 

Effective Acidity versus Total Acidity. If it is admitted that 
hydrochloric is a stronger acid than acetic, the question at once arises 
as to why the same quantity of base is required to neutralize 1 mole 
each of these acids. The answer, of course lies in the fact that in either 
case the neutralization reaction involves the combination of the 
hydronium ion with the hydroxyl ion which is a base much stronger 
than Cl-^, C2H30^, or H2O. 

H3O+ -h 0H--^2H20 

As the hydronium ions furnished by either HCI or HC2H3O2 are thus 
consumed, the two ionization equilibria (see above) are shifted farther 
and farther toward completion until, finally, neutralization is complete 
in each case. Hence it must be concluded that, in comparing any two 
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acids that contain the same number of potential protons, the active 
concentration of hydronium ions may differ greatly and yet the total 
potential acidity will be the same. 

Effective Concentration of Hydrogen Ions. Particularly 
where low acidities are inA^olved, the expression of the [H+] in terms of 
normalities is somewhat cumbersome. Thus the [H+] in pure water is 
0.0000001 N and that of a 1 solution of sodium hydroxide is 

0.00000000000001 TV. Such values 
may, of course, be expressed some- 
what more simply as 1 X 10“^ TV 
and 1 X 10~^^ TV, respectively. 
However, siiue botanists, biologists, 
physicians, and others less accus- 
tomed to these schemes of notation 
frequently liave need to express 
effective hydrogen-ion (or hydro- 
nium-ion) concentrations, it has 
been found desirable to adopt a 
still simpler scheme which has 
come into wide use in the various 
braiK-hes of chemistry also. Such 
a scheme is the “pH scale” or 
“hydrogen-ion index” devised by 
Sorensen (Fig. 88). In this sys- 
tem, the pH value of a solution is 
defined by 

pll = log 

Thus for pure water, [H+] == 1 X 10“^ mole per liter, and the pH 
value is given by 

pll = log = log 1 X 10^ = 7 

If the [H+] of a solution is known or can be determined experimentally 
by any one of several available methods, the pH value may be calcu- 
lated as indicated above. Also, methods have been devised for the 
fairly accurate direct measurement of acidities in terms of pH values. 
The relationship between the pH scale and the corresponding acidities 
expressed in normalities is shown in Table 25. The pH value of the 
human blood is about 7.2 (i.e., slightly basic) and may not vary greatly 
from this value without fatal results. The pH of soils is sometimes 



Fig. 88. — S. P. L. Sorensen (1868- 
1939). (Courtesy of Professor Ralph 
E. Oesper, University of Cincinnati.) 
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regulated by the addition of lime. Cooking, baking, brewing, and 
many other operations depend upon regulated acidities usually 
expressed in terms of pH values. 


TABLE 25 

Relation between pH Values and Normality 


Normality with rospoct 
to H + 

10« 

j 

10-1 

10"2 

10-8 

10-< 

10-8 

10~6 

10'7 

10-8 

10-9 

10-10 

10-11 

10-12 

10-13 

10-14 

Corresponding 
values 

pH 

0 

1 

2 


4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 


increasing acidity neutrality increasing basicity 

= 1 V OH- - 1 N 


20.4. Precipitalion Reactions 

Many common laboratory procedures and industrial chemical 
operations depend upon the occurrence of reactions in solution which 
result in the formation of insoluble solids, or prec ipitates. For exam- 
ple, insoluble nickel sulfide is precipitated when a solution containing 
nickel ions is treated with a solution containing sulfide ions, 


-f S“ NiS 

The equilibrium is shifted very far tow ard the right, so that for many 
purposes the reaction may be con- 
sidered as having proceeded to com- 
pletion. However, this or any similar 
reaction does not proci^ed entirely to 
the right and, as a result, when pre- 
cipitation has been rendered as com- 
plete as possible, some nickel ions and 
sulfide ions remain in the solution 
where they exist in equilibrium with 
the precipitated nickel sulfide (Fig. 89). 

The concentration of the ions remaining 
in the solution (i.e., not precipitated) 
is related to the solubility of the pre- 
cipitate under consideration. 

Solubility Product. When, as indicated above, a solid (precipi- 
tate) is in equilibrium with a saturated solution of the corresponding 
ions, the product of the molar concentration of these ions is called the 
solubility product For nickel sulfide, accurate analysis of a saturated 
solution of this compound shows that the solution contains 1 X 10~^^ 



Fig. 89. — A precipitate in 
equilibrium with a solution of 
its ions. 
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mole of per liter and, since there must be one S” for each Ni++, 
the molar concentration of S“ must have the same value. Accordingly 
the solubility product of nickel sulfide, 


is given by 


[Ni++] X [S“] = 

(1 X 10-12) X (1 X 10-12) = 
1 X 10-21 = 


The symbol, /Ts.p., is used to designate the ion product constant (equi- 
librium constant) which, in cases of this sort, is called the soliibiliiy 
product consiariL These constant values for the ion products of satu- 
rated solutions are realized only in the case of slightly soluble sub- 
stances. A low value for A^.p. means low solubility, which in turn 
implies relatively (complete precipitation. For example, the A^.p. for 
(<uS is L X 10-1*^, or a value much lower than tliat for NiS. Conse- 
quently, under the same experimental conditions of sulfide ion con- 
central ion, Cu'^"^ may be precipitated much more nearly completely 
than Ni^“^. A tabulation of Ak.p. values for various substances is 
given in the Appendix. 

Accompli shinent of Complete Precipitation. When a solu- 
tion containing added slow ly to a solution containing Cu+"^, for 
example, precipitation will not begin until the prodmfi of the molar con- 
centration of Cu+'^ and is sufficient to exceed the solubility product 
of CuS. Once the solubility product has been exceeded, the degree to 
which precipitation will proceed toward completion is dependent upon 
the extent to which the A^ p. value is exceeded. If it is desired to pre- 
cipitate Cu"^ as nearly corhpletely as possible, 


+ S” — CuS 


a large excess of S"” should be added. Under these conditions, the ion 
product 


[Cu^-^] X [S”] = A.P. = 1 X 

can*" be maintained at 1 X 10“^® while, as the [S“] is progressively 
increased, the [Cu+'‘‘] may be progressively decreased to a minimum. 
It is for this reason that an excess of the precipitating reagent is usually 
added. 

The A8.P. for MnS is 1 X 10"“^^ If to a solution in which the molar 
concentration of Mn'^+ is 1 X lO”"^, there is added a saturated aqueous 
solution of hydrosulfuric acid which is 0.1 with respect to H“^, pre- 



Sec. 20.5] 


IONIC EQUILIBRIA 


255 


cipitation of managous sulfide will not occur. Owing to the effect of 
the common ion H"^, the [S*] = 1 X hence, 

[Mn++] X [Si = (1 X 10-^ X (1 X 10-22) = 1 x 

an ion product less than the for manganous sulfide. Accordingly, 
1.00 small a [8“] has been provided to exceed the K^,^, If, however, one 
should add a 1 X 10~^ molar solution of the strong electrolyte, 
(NH 4 )? S-, then 

[Mn++] X [Si - (1 X 10-1) X (1 X 10-1) = 1 X lO-^ 

or an ion product much greater than 1 X 10"^^. Under these condi- 
tions, precipitation of manganous sulfide will occur and since 1 X lO'- 
is so much greater than 1 X lO-i^ the precipitation reaction will pro- 
ceed essentially to completion. 

20.5. Amphoteric Hydroxides 

Just as is true of the precipitation of sulfides, so the precipitation of 
hydroxides may often be forced toward completion by the addition of 
an excess of the precipitating reagent. 

* (NO,)- + 3Na-^OH~ Bi^OH)3 + 3Na+NOr 
(excess) 

In a few cases, however, a quite different result is realized. Tlie 
hydroxides of zinc, tin, lead, and aluminum are redissolved when an 
excess of the precipitating reagent (Na~^01i") is added; thus, 

Zn++(N 03)7 + 2Na+OH- Zn(OH )2 + 2Na+NOr 
^(0H)2 + Na-^OH- H 2 O + Na+HZnO^ 

The products of the second reaction are water and sodium hydrogen 
zincate [the acid salt of zincic acid (H 2 Zn 02 )] and since sodium hydrox- 
ide is a strong base, zinc hydroxide must (in this reaction) behave as an 
acid, for which the formula should be changed from Zn(OH )2 to 
H2Zn02. The equation then becomes 

HaZnOa + Na+OH“ H 2 O + Na+HZnO^ 

Of course, zinc hydroxide and sodium hydroxide are both bases, but in 
the presence of the strong base Na+OH“, the weak base Zn(OH )2 
behaves as an acid. If, on the other hand, the weak base Zn(OH )2 is 
brought into the presence of an acid that is stronger than H 2 Zn 02 , the 
zinc hydroxide behaves as a base. 

Zn(OH )2 -f 2H+CI- 2 H 2 O -j- Zn^+Cl^ 
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Hydroxides that exhibit this dual behavior of functioning either as an 
acid or a base are called amphoteric hydroxides, and the ionization equi- 
libria may be represented as follows: 

In the presence of a strong acid: 

Zn(OH )2 Zn++ + 20H“ 

In the presence of a strong base: 

H^ZnOs HZnOi- 

HZnO^ H+ -f ZnO^ 

Similar behaviors are exhibited by Sn(OH )2 and Pb(OH) 2 . The case 
of A1(0H)3 is different to the extent that an intermediate dehydration 
reaction takes place. 

AI+++(N 03 )r -f 3Na+OH- AI(OH )3 + 3Na+NO^ 
AI(0H)3-^H20 + AI(0)0H 
H+AIO^ + Na+OH~ H 2 O + Na+AIO^ 

In any event, the role that is assumed by an amphoteric hydroxide 
is dependent upon the environment into which it is placed. 

20.6. Complex Ions 

In certain cases, the precipitation of insoluble hydroxides is also 
accomplished by the use of ammonium liydroxide, e,g., 

AI+++CI 7 -f 3 NH 4 OH -f 3NH+C1- 

which furnishes a [OH“] which is very low but which is nevertheless 
great enough to exceed the very low values for a few hydroxides, 
such as those of aluminum, iron, and bismuth. In these few cases, the 
precipitation reactions proceed essentially to completion because of the 
low solubility (low A^.p. value) of these hydroxides and in spite of 
the common ion effect occasioned by the concurrent establishment of 
an increased concentration of ammonium ions. 

The reagent commonly called ammonium hydroxide is produced by 
dissolving gaseous ammonia in water. * In the resulting solution, the 
following equilibria are established: 

NH 3 (di««oived) + H2O NH4OH NH+ + OH- 

Both of these equilibria are shifted far toward the left, hence, most of 
the NH3 in the solution is present simply as dissolved molecules of 
ammonia. Sin«e NH4OH molecules are formed only to a slight extent 
and since these, in turn, ionize only to a very limited degree, it is appar- 
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ent why ammonium hydroxide provides only a very low concentration 
of hydroxyl ions. 

Owing to the presence of dissolved ammonia, some soluble salts 
react preferentially with ammonia molecules rather than with tlie 
available hydroxyl ions; thus, 

Ag+NOr + 2 NH 3 - [Ag(NH3)2rNO^ 

Similarly, insoluble silver chloride is dissolved upon addition of ammo- 
nium hydroxide. 

AgCI + 2 NH 3 -> [Ag(NH 3 ) 2 ]+CI“ 

The salts, [Ag(NH3)2]^N07 and [Ag(NH3)2]'^ Cl~, are examples of a class 
of compounds known as metal ammines and serve as examples of salts 
involving complex ions. Other examples of metal ammines are 
[Cu(NH 3)4]+-"S07, [Cd(NH 3 ) 4 ]^Cl 7 , [Zn(NH3)4]++(N03)7, and 

[Ni(NH3)4]++Br7. 

Very commonly (but not always) the number of molecules of ammonia 
in combination with the metal ion is twice the valence of the metal ion. 

In complex ions such as [Ag(NH3)2]'^ and [Cd(NH3)4]‘^^, the ammo- 
nia molecules are relatively loosely bound to the metal ion by a type of 
valence that will not be (considered here in detail. Usually, such com- 
plex ions involving ammonia molecules may be destroyed by the addi- 
tion of a strong acid, e,g,, 

[Ag(NH3)2] '^Cl“ -h 2H+NOi- -^Ag+C|- + 2NHtNOr 

Numerous examples of the formation of complex ions will be 
encountered by the student, particularly in connection with laboratory 
work. For that matter, the hydronium ion, HsO^, may be so con- 
sidered, thus [H(H 20 )]'^. Similarly, a water solution of aluminum 
chloride is known to contain complex ions of the formula [A1(H20)6]'^'^'^. 

EXERCISES 

1. Distinguish between the following groups of terms: (a) equilibrium con- 
stant, ion product constant, and solubility product constant; (6) hydrolysis and 
neutralization, (c) total acidity and effective concentration of hydrogen ions. 

2. Why is the ionization of strong electrolytes not represented as an equi- 
librium as in the case of weak electrolytes? 

3. How is the common ion effect related to the law of mass action? 

4. What determines the extent to which a salt will undergo hydrolysis? 

5. List four classes of salts, and indicate (a) whether each will be hydrolyzed 
upon contact with water and (6) the nature of the resulting solution in each case. 

6. In terms of the Br0nsted theory, show that water may be looked upon 
either as an acid or a base. 
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7. Would it be proper to classify water as an amphoteric hydroxide? Why? 

8. Two solutions are prepared so that one contains 36.457 g. of HCl and the 
other 97 g. of HSO7. How do these two solutions compare as to (a) effective [H+] 
and (6) total available acidity? 

9. How would the [OH“] in an aqueous solution of ammonia be influenced by 
an elevation of the temperature? 

10. If a 0.1 molar solution of copper nitrate is rendered 0.1 W with respect to 
H"^ and thereafter saturated with hydrogen sulfide gas, show that the K^,^, of cop- 
per sulfide will be exceeded. 

11. When two solutions containing solutes that react to form a sparingly solu- 
ble substance are brought together, what requirement must be met if the insoluble 
substance is to appear as a precipitate? 

12. Suggest an alternative formula for the hydrate, CuS04'5H20. 

13. Which of the following solutions will provide the greater [Hg^"^]: (a) a 0.1 
molar solution of mercuric chloride or (b) a 0.1 molar solution of mercuric chloride 
containing some dissolved sodium chloride? 

14. What analogy exists between amphoteric hydroxides and amphoteric ele- 
ments? 
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CHAPTER XXI 

ELECTROLYSIS 


The use of electrical conductance as an aid in determining whether 
certain solutes should be classified as electrolytes or nonelec trolyte 
(Sec. 17.2) together with references to the use of electricity in the 
decomposition of certain (compounds (Sec. 8.5) suggests that electrical 
energy often may be used to advantage in chemistry. In fact, it may 
be stated that both in the laboratory and in the chemical industries, 
electricity is one of the most important tools that the cdieniist lias at 
his command. Following a study of the nature of the chemical 
changes that may be brought about through the agency of electrical 
energy, numerous important commercial applications will be con- 
sidered in some detail. 

21.1. Electrolytic Cells 

Tlie process of electrolysis may^ be defined as the transforma- 
tion of chemical substances as the result of passage of the direct 



electric current. In order to bring about sueix transformations, the 
use of certain more or less highly specialized apparatus is necessary 
or at least convenient, A simple form of electrolytic cell is illustrated 
by Fig. 90. The cell as a whole consists of a vessel containing a solu- 
tion of an electrolyte in which are immersed two electrodes (or poles). 
The electrodes are connected to storage batteries or to a generator 
which serve as sources of the electrical energy needed to bring about the 
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desired electrolytic transformation. The electrode through which the 
flow of electrons enters the cell is known as the cathode and is design 
nated as the negative { — ) electrode. By convention, the other electrode 
which is called the anode may be thought of as that through which 
electrons are withdrawn from the solution and this electrode is desig- 
nated as positive ( + ). Throughout the following sections, the terms 
cathode and anode will be used to designate the iiegative and positive 
electrodes, respectively. 

It must be rec^ognized that Fig. 90 is only a highly simplified repre- 
sentation of an electrolytic cell. Actual commercial practice usually 
employs a connected series of such cells constructed in such manner as 
to meet the needs of each specific operation. Frequently the vessel 
containing the electrolyte is made of metal and serves as one of the 
electrodes. Other modifications will be shown in connection with 
commercial applications of electrolysis. 

21.2. Electrolysis of Zinc Chloride Solution 

The occurrence of a simple electrolysis may be demonstratc^d con- 
veniently by passing a direct current through an aqueous solution of 
zinc chloride. A rectangular glass vessel (Fig. 91) is filled partly ^ith 


Brass 

cathode 


Fig. 91. — Electrolysis of zinc chloride solution. 

zinc chloride solution. A polished strip of brass serves as the cathode 
while a carbon rod constitutes the anode. In this particular case, the 
use of a carbon rod rather than a metal is advisable since most metals 
would react chemically with one of the products of the electrolysis, 
thus complicating the situation with secondary reactions not con- 
cerned with the primary process of electrolysis. Further, it is con- 
venient to surround the anode with a glass housing in which the 
gaseous electrolysis product may be collected and from which it may 
be continuously withdrawn through a suitable exit tube. 

Immediately upon connecting the cell to a source of direct current, 
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a deposit of gray metallic zinc appears on the surface of the cathode 
and bubbles of chlorine gas ^Ippear at the surface of the anode. A 
simple chemical test for chlorine may be made by leading this gas into 
aqueous sodium iodide solution, whereupon the solution assumes a 
yellow color caused by displacement of iodine by chlorine (Sec. 13 . 5 ). 
Accordingly, it is concluded that the products of the electrolysis of 
zinc chloride solution are elemental zinc and elemental chlorine, and 
the next problem is that of explaining by what mechanism these prod- 
ucts may be produced. 

The solution in the cell contains zinc ions (Zn‘^+) and chloride ions 
(Gl“). The chloride ions are attracted to the anode (+ electrode) 
where they give up electrons and form molecules of elemental chlorine. 

At anode: 2CI“ — 2e^ — > UI§ 

The battery acts as a “pump” and forces these electrons through the 
outside circuit and into tlie cathode, at the surface of which these 
electrons are acquired by the zinc ions in the solution surrounding the 
cathode, i.e.. 

At cathode: + 2e~ —^Zr\^ 

Obviously, these reactions involve loss and gain of electrons and there- 
fore are to be recognized as oxidation-reduction reactions (Sec. 18 . 1 ). 
The sum of the changes that o(*.cur in the regions of the anode and 
cathode serves to represent the over-all chemical change that occurs 
in the cell as a whole, i.c,, 

Anode: 2CI“ — 2e~ — > Cl 2 

Cathode: Zn'^+ -1- 2e~ — > Zn*^ 

C«ll: ^ + C\l 

In order to avoid confusion, equations representing electrolysis should 
always be labeled as indicated above. 

21.3. Some Broad Aspects of Electrolysis 

The electrolysis of aqueous zinc chloride solution serves as a suit- 
able basis for the consideration of a number of features common to all 
situations of this general type. These will be enumerated in terms of 
summarizing statements followed by some necessary explanatory 
remarks and illustrations. 

1. The occurrence of electrolysis requires the utilization of 
an outside source of electrical energy. The chemical changes that 
occur during electrolysis involve an accompanying transformation of 
electrical energy into chemical energy. The work done during elec- 
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trolysis may be looked upon as that required to transfer electrons 
from the anode through the wires that constitute the outside electrical 
circuit and finally into the cathode. The magnitude of the outside 
energy supply required is dependent upon the particular material it 
is desired to electrolyze and is different for different electrolytes. 

2. The chemical changes that occur during electrolysis are 
forced and not spontaneous. Depending upon their particular 
structures, the atoms of each kind of element exhibit a tendency either 
to gain or lose electrons (Sec. 15.5), Thus, chlorine atoms tend to gain 
electrons and become chloride ions, while zinc atoms tend to lose elec- 
trons and become zinc ions. However, as has already been shown, the 
electrolysis of zinc chloride solution produces exactly the rev(us(; of 
these changes. Once a compound has b(^en formed by virtue of 
natural tendencies of the character referred to above, the ease with 
which the compounds may be decomposed by electrolysis is dependent 
upon the magnitude of the tendencies that were responsible for the 
initial compound formation. 

3. The quantities of matter transformed at the two elec- 
trodes are chemically equivalent. In other words, the quantity 
of chlorine gas evolved during the electrolysis of a zinc chloride solu- 
tion must be exactly that quantity which would combine with the 
zinc, deposited on the cathode to form zinc chlorid(i.^ In terms of ilu) 
electrons involved, the number of electrons lost at the anode must b(^ 
identi(‘.al with the number gained at the cathode. This requirement 
also follows from the fact that these reactions are oxidation-reduction 
changes. Although it is true that one may represent the anode and 
cathode reactions by what may appear to be independent chemical 
equations, it must always be borne in mind that a reaction may not 
occur at one electrode without the simultaneous occurrence of another 
reaction at the other electrode. 

In this connection, it should also be recognized that the total 
quantity of matter transformed during electrolysis is proportional to 
the quantity of electrical energy supplied from the battery or generator. 
Thus, the total weight of zinc deposited upon the cathode when one 
electrolyzes a zinc chloride solution is related quantitatively to the 
total quantity of electricity supplied from without the cell. 

4. The passage of the current through the solution involves 
the transport of ions. If one should construct an electrolytic cell 
consisting of every essential part except the electrolytic solution 
between the electrodes, the electrical circuit would be incomplete and 
current could not flow. If one now places a solution of an electrolyte 
between the two electrodes, the circuit is thereby completed and the 
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current flows through the entire circuit. Since the solution is a con- 
ductor of the second class, which may act as a conductor of electricity 
if transformations of matter occur, the process by which the current 
passes through the solution must be fundamentally different from that 
involved in the flow of electrons through the connecting metal wires 
and through the electrodes. In order to clarify this problem, it is 
helpful to attempt to form a mental picture as to what occurs in the 
solution during electrolysis of zinc chloride. 

Consider first the changes that occur in the region of the cathode. 
Zinc ions gain electrons and are deposited in the form of metallic zinc 
on the surface of the cathode. Since positive ions are thus removed, 
the solution immediately surrounding the cathode might contain, 
momentarily, an excess of negative ions. However, the electrical neu- 
trality of the solution is maintained by the migration of zinc ions from 
the solution farther from the cathode. At the same time, ('hloride ions 
are removed in the region of the anode and leave an excess of positive 
zinc ions; this causes the chloride ions in the remainder of the solution 
to migrate toward the anode. Thus, as electrolysis proceeds, positive 
ions are transported toward the cathode while at the same time nega- 
tive ions are transported toward the anode, and the entire solution 
becomes progressively more dilute with respect to the ions involved in 
the reactions that oc'cur at the two electrodes. It is tliis shifting or 
transporting of ions that is commonly referred to as the “passage of the 
current through the solution.’' 

Relative Speed of Ions. The motion of cations and anions in 
opposite directions through the solution between the electrodes is anal- 
ogous to the drawing together of two boats by means of a rope between 
them. Assuming that the applied pull is the same at both ends of the 
rope, it is evident that both boats will move at different speeds if they 
differ in weight. Similarly, ions that differ greatly in size do not move 
at the same speed. For example, during the electrolysis of hydrochloric 
acid solution, the very small hydrogen ions move about five times as 
fast as the larger chloride ions. Accordingly, five-sixths of the ability 
of hydrochloric acid solution to act as a conductor of electricity is 
attributed to the hydrogen ions and one-sixth to the chloride ions. 

21,4. Faraday’s Laws of Electrolysis 

It has already been pointed out that the quantities of chemical 
changes occurring at the anode and cathode must be chemically 
equivalent. However, nothing really definite has been indicated with 
regard to the relationship between the quantities of chemical change 
and the quantity of electricity that flows through the cell This rela- 
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tionship was established as a result of investigations carried out more 
than one hundred years ago by the English scientist, Michael Faraday 
(Fig. 92). By carefully controlled experiments, Faraday was able to 
prove that the extent to which chemical changes occur during elec- 
trolysis is independent of concentration, temperature, and rate of flow 
of the current, and dependent only upon the quantity of electricity that 
flows. The results of these studies may be summarized in generaliza- 
tions which have come to be known as Faraday s laws. 

1. The quantity of chemical change that occurs at the elec- 
trodes during electrolysis is directly proportional to the quan- 



Fig. 92. — Michael Faraday (1791-1867). 


tity of electricity that flows through the cell. The unit of 
measurement of quantities of electricity is the coulomb, which is that 
quantity required to deposit (on a cathode) exactly 0.001118 g. of 
silver. Since the atomic weight of silver is 107.88, the number of 
coulombs required to deposit 1 gram-atomic weight of silver is 

107.88 0.001118 = 96,500 coulombs. 

This number of coulombs is called one faraday and represents the 
quantity of electricity involved in the chemical transformation of 1 
gram-atomic weight of any element having a valence of one. The rela- 
tion between the faraday and the quantities of divalent, tervalent, etc., 
elements deposited is embodied in Faraday’s second law. 
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2. The quantities of the various elements liberated at the 
electrodes during electrolysis are in the ratio of their equivalent 
weights. Thus, if a given quantity of electricity, 96,500 coulombs 
for example, is passed successively through solutions of Ag^^NOg, 
Cu++(N 03 )^, and Bi++’^(N 03)7 (Fig. 93), there will be deposited from 
the first solution 107.88 g. of silver or 1 gram-equivalent weight. In 
the case of the second solution, one-half of 1 gram-atomic weight of 
copper, Le., 63.57/2 g., or 1 gram-equivalent weight of copper will be 
deiposited. Similarly, one third of 1 gram-atomic weight of bismuth, 
209/3 g., will be deposited. If one should electrolyze separate solu- 
tions containing chloride ions and sulfide ions by using 1 faraday of 
electricity, the quantities of these nonmetals liberated would be 



Fig. 93. — The quantities of metals deposited upon passage of 1 faraday of elec- 

trici ty . 

35.457 g. of chlorine and 16 g. of sulfur. From these examples, it 
should be apparent that 1 gram-equivalent weight of an element is 
equal to the gram-atomic weight divided by the valence of the element. 

21.5. Discharge of Ions from Aqueous Solutions 

During the electrolysis of a solution of zinc chloride, both of the 
ions of the solute^ Le,, Zn*^+ and Cl”, have their ionic charges neutralized 
at the cathode and anode, respectively. These ions may therefore be 
said to have been discharged and liberated in the form of elemental zinc 
and chlorine. In order to determine whether the ions corresponding 
to the solute are always discharged at the electrodes during electrolysis, 
it becomes necessary to inquire into the behavior of other electrolytes. 

Electrolysis of Water. When a direct current is passed through 
a dilute solution of sulfuric acid, the products liberated at the electrodes - 
are the same as would result from the electrolysis of water alone. ^ The 
advantage in using dilute sulfuric acid solution rather than pure water 
lies in the fact that one may thus avoid the high resistance (to passage 
of the current) offered by the weak electrolyte, water. The products 
of electrolysis consist of hydrogen liberated at the cathode and oxygen 
liberated at the anode. If this electrolysis is carried out in a cell of the 
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type illustrated by the Hoffman apparatus (Fig. 94), it may be 
observed readily that hydrogen and oxygen are produced in a 2:1 
volume ration. These products result from the discharge o£ hydrogen 
and hydroxyl ions and the reactions involved are represented by the 
following equations: 

Anode: 40 H~ — i€~ — > Oj + 2 H 2 O 
Cathode: 4H+ + 4«~ — 2 H 2 

Cell: 4 H 2 O 2FI? -hWi + 2 H 2 O 
or 

2H20-^2Rt H-05 

The dilute acid solution contained hydrogen ions supplied by the solute 
and also by the slight ionization of water. Particular attention should 

be directed at the fact that the solution 
contained two anions, i.e,, a very low 
concentration of hydroxyl ions and a 
relatively high concentration of sulfate 
ions. Despite the fact that the sulfa 
ions were present at much greater con- 
centration than the hydroxyl ions, only 
the latter were disi^harged at the anode. 
From this fact alone, it may be concluded 
that not all anions are discharged upon 
electrolysis of aqueous solutions and that, 
in such cases, the anion of the solvent will 
be involved in the reaction at the anode. 

Electrolysis of Sodium Bromide 
Solution. When an aqueous solution of 
sodium bromide is electrolyzed, hydrogen 
gas is liberated at the cathode and bromine 
„ r... xr at the anode. These products are to 

trolysis apparatus. anticipated because of the marked 

chemical similarity of bromine and chlo- 
rine (Sec. 13.5) and because sodium, even if it were liberated by the 
discharge of sodium ions, would react immediately with water to 
liberate hydrogen (Sec. 8.1). In effect, then, the electrolysis of an 
aqueous solution of sodium bromide involves the discharge of the 
anion of the solute and the cation of the solvent. 

Anode: 2Br~ — 2e~ — ♦ Brl 
Cathode: 2H^ + 2e~ — > Hj 

Cell: 2H+ +2Br--Fl1 +B?t 

In view of these results, one may recognize that not all cations are 
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discharged during the electrolysis of aqueous solutions and that the 
cation of the solvent may be discharged at the cathode in place of the 
cation of the solute. 

Generalizations concerning the Discharge of Anions and 
Cations from Aqueous Solutions. From the foregoing cases taken^ 
together with the results of many similar experiments, it becomes 
possible to generalize broadly with respecd to the behavior of anions 
and cations during the passage of the direct current through aqueous 
solutions of electrolytes. These general rules may be formulated as 
follows: 

1. All common cations may be discharged except Mg++, 
A1+++, the ions of the alkali metals, Li"* , Na+, K+, Rb“^, Cs+, and 
those of the alkaline earth metals, Ca"^"^, Sr*^"*", and Ba“^+. 

2. The only common anions that may be discharged are Cl“", 
Br~, I“, OH~, and S^. 

Thus, in the manner characteristic of an experimental science, 
extensive experimentation leads to generalizations that may be used 
thereafter in the prediction of the behavior of substances not pre- 
viously investigated. Numerous examples of the utility of these gen- 
eral rules will be cited in the remainder of this and in subsequent chapters. 

The presence of a nondischargeable anion or cation has an impor- 
tant bearing upon the nature of the solution remaining in the cell fol- 
lowing the occurrence of electrolysis. In the electrolysis of sodium 
bromide solution, for example, the discharge of hydrogen ions (from 
water) occurs in the region surrounding the cathode; hence, the solu- 
tion becomes basic since it contains the ions corresponding to the 
strong base, Na“^OH“. Conversely, the electrolysis of an aqueous 
solution of copper nitrate solution would result in the formation of an 
acidic solution in the region of the anode since 0H~* would be dis- 
charged, leaving the nondischargeable NO 7 ions and the ions (from 
water). These two typical examples are in conformity with two addi- 
tional generalizations which may be stated as follows: 

3. The electrolysis of an aqueous solution containing a non- 
dischargeable cation produces a basic solution in the region of 
the cathode. 

4. The electrolysis of an aqueous solution containing a non- 
dischargeable anion produces an acidic solution in the region 
of the anode. 

21.6. Electrolysis of Aqueous Solutions of Salts 

On the basis of the preceding generalizations, it is possible to pre- 
dict the products of electrolysis of aqueous solutions of simple salts. 
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It is not possible, however, to predict the specific experimental condi- 
tions under which these electrolyses may be carried out most advan- 
tageously. Usually the optimum experimental conditions can be 
ascertained only by means of experiments relating to any particular 
case. * 

Suppose that it is desired to know what products would result from 
the electrolysis of an aqueous solution of nickel acetate. Referring 
to the general rules set forth in Sec. 21.5, it is seen that nickel ions will 
be discharged at the cathode and that hydroxyl ions, and not the ace- 
tate ioDs, will be discharged at the anode. 

Anode: 40H” — 4e~ + 2H2O 

Cathode: 2Ni++ + 4e- 2Ni« 

Cell: 2fMI++ -f- 40H- 2f^ + D5 + 2H2O 

Furthermore, it is also apparent that the region of the anode would 
become progressively more acidic, owing to an accumulation of acetic 
acid, as the electrolysis proceeds. 

In a similar manner, one would predict that the electrolysis of 
strontium nitrate solution will lead to the formation of oxygen gas and 
hydrogen gas at the anode and cathode, respectively. 

Anode: 40H“ — 4e” O? -h 2H2O 
Cathode: 4H+ + 4e- 2H“ 

Cell: 4H2O 2H? + D1 + 2H2O 
or 

2 H 2 O 2h 2 -f D? 

The products are the same as those resulting from the electrolysis 
of water since neither the cation or anion of the solute is discharge- 
able. During the course of this electrolysis, the region of the anode 
becomes acidic (H+NO 7 ) and the region of the cathode becomes basic 
[Sr^+(OH)5-].^. ^ 

Similar predictions may be made readily with regard to the elec- 
trolysis of aqueous solutions of other salts. 

21.7. Electrolysis of Aqueous Solutions of Acids 

Since all soluble acids furnish hydrogen ions, it is immediately 
apparent that the electrolysis of aqueous solutions of acids will yield 
hydrogen gas at the cathode. Consequently, the only question that 
remains is concerned with whether the anion of the particular acid is 
dischargeable. If not, oxygen gas will be liberated. The two possible 
types of behavior are illustrated by hydriodic acid. 
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Anode: 21“ — 2(?“ — ► l§ 

Cathode: 2H+ -f- 2e~ H? 

CeU: 2H+I“ — H? + ll 

and phosphoric acid, 

Anode: 40H~ - 4^“ O? 4- 2 H 2 O 
Cathode: 4H+ + ie~ —>• 2H? 

CeU: 4~H^O~-^ 2Ef^ bf+~2H^6 
or 

2H2O-.2H? +OS 

21.8. Electrolysis of Aqueous Solutions of Bases 

The soluble bases are very limited in number (Sec. 18.10) and 
involve nondischargeable cations. Accordingly, when an aqueous 
solution of a base is electrolyzed, hydrogen gas is evolved at the cathode 
and, of course, the discharge of hydroxyl ions at the anode results in 
the liberations of gaseous oxygen. In such cases, the products are 
the same as those obtained by the electrolysis of water. Since a com- 
mercial application of the electrolysis of the strong base, sodium 
hydroxide, is to be described in the next chapter no further discussion 
of this topic seems necessary at this juncture. 

21.9. Electrolysis of Fused Sails 

Although many important commercial processes involve the elec- 
trolysis of aqueous solutions, this fact should by no means be inter- 
preted as implying that one is restricted to the use of aqueous solutions. 
Electrolyses may be effected by employing solvents other than water 
(i.c., iwnaqueous solvents) or in the absence of any solvent. In any 
event, it is obvious that if one wished to produce a metal such as 
sodium, the electrolysis would have to be carried out in the absence of 
water. This may often be accomplished by the use of fused salts. 
Since most solid salt crystals consist of ions (Sec. 15.6), application of 
heat sufficient to melt the salt results in the formation of a molten 
liquid which still contains ions and is therefore capable of behaving as 
an electrolyte. Because of their comparatively low melting tempera- 
tures chlorides (and less frequently, hydroxides) are commonly 
employed. The high temperatures required to melt inorganic salts 
are disadvantageous and, wherever possible, a second salt is added for 
the purpose of lowering the melting temperature of the salt that it is 
desired to electrolyze. Thus, the melting temperature of sodium 
chloride is lowered by the addition of a relatively small quantity of 
barium chloride. This lowering of the melting temperature may be 
looked upon as being analogous to the lowering of the freezing tern- 
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perature of a pure solvent by the addition of a nonvolatile solute, and 
the added salt is usually referred to as a flux. 

Electrolyses involving fused salts are more difficult to carry out 
than those in which aqueous solutions are used. Tlie high tempera- 
tures required and the generally reacd-ive character of the products 
necessitate elaborate equipment especially designed to fulfill the specific- 
requirements in any given case. A number of typical cases in which 
fused salts are employed will be considered in the next chapter. 

EXERCISES 

1. Define the following terms: (a) electrolysis, (b) anode, (c) cathode, (d) elec- 
trode, (e) coulomb, (/) faraday, (//) f^ram-equivalent weight of an element, 
(h) flux. 

2. What is the function of the battery or generator used in electrolyses P 

3. With respect to the external electrical circuit, what is the direction of flow 
of electrons? 

4. By what sort of mechanism does the current flow through the solution 
between the electrodes? 

5. Using a suitable example other than tlie case of zinc chloride, show that 
the reactions that occur during electrolysis are not spontaneous chemical changes. 

6. What similarity exists between the speed of ions in solution and the speed 
of motion of gas molecules? 

7. State Faraday's laws of electrolysis. 

8. What weight of each of the following elements may be liberated at the 
electrodes during the passage of 1 faraday: (a) zinc, (/>) hydrogen, (r) chromium, 
(d) bromine, (e) potassium? 

9. During the electrolysis of a sulfuric acid solution, 0.6439 g. of oxygen w as 
liberated at the anode. Calculate (a) the number of coulombs and (h) the number 
of faradays of electricity that flowed through the cell. 

10. Under what conditions and in the neighborhood of which electrode may 
each of the following be formed during electrolysis of aqueous solutions: (a) an 
acid, (6) a base? 

11. How do the equations used to represent reactions involved in elfectrolyses 
differ from the oxidation-reduction equations studied in Chap. XVII I? 

12. Write equations to represent the chemical changes that occur during the 
electrolysis of aqueous solutions of each of the following substances: 

(а) Cadmium acetate (/) Potassium phosphate 

(б) Ferric bromide (g) Stannous chloride 

(c) Barium hydroxide (h) Chromic nitrate 

(d) Calcium sulfide (/) Cobalt iodide 

(e) Aluminum sulfate (j) Sodium sulfite 
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CHAPTER XXII 

INDUSTRIAL ELECTROCHEMICAL PROCESSES 

The development of processes for the production of chemicals by 
(dectrolysis on an industrial scale has in the past been retarded in some 
measure by the unavailability of cheap electricity. Consequently, the 
extensive use of electrochemical processes has been limited largely to 
regions such as the Niagara Falls area. However, the relatively 
recent and vddespread development of federal power projects such as 
Boulder Dam and others has already resulted in more extensive use 
of electrochemical processes, and there is every indication that this 
phase of the chemical industries will be continuingly expanded in 
various regions in the United States. 

The following sections are concerned with a discuswsion of a few 
chemical processes that involve the electrolysis of aqueous solutions oi* 
fused salts. It is not intended to provide here any exhaustive treat- 
ment of the subject but rather to select a few typic al cases which will 
serve to acquaint the student with the nature, the scope, and the 
importance of these industries. 

22.1. Production of Active Metals 

It has already been indicated (Sec. 21.9) that the alkali metals, 
alkaline earth metals, magnesium and aluminum, may be prepared by 
electrolysis only in the absence of water, and the same is true of the 
metal beryllium. Although zinc is more commonly produced by other 
methods (Sec. 26.7), it may also be produced by electrolysis. 

Alkali Metals. All the alkali metals, Li, Na, K, Rb, and Cs, are 
very light metals which exhibit a silvery metallic luster and have low 
melting temperatures. These are relatively costly metals as is seen 
from the fact that the cheapest one, sodium, sells at about 40 cents 
per pound; while the next in order of cost, potassium, sells at about 
$12 per pound,. All the alkali metals are produced commercially by 
the electrolysis of their fused chlorides in electrolytic cells, which must 
be designed especially for each metal. Since sodium is the only alkali 
metal produced industrially on a large scale, its production will be 
outUned in some detail. “ 

Practically all of the sodium produced in the United States involves 

271 



272 


GENERAL CHEMISTRY 


[Chap. XXII 


the use of the Downs cell, a diagram of which is shown in Fig. 95. 
Fused sodium chloride is electrolyzed between a graphite anode and an 
annular iron cathode. 

Anode: 2CI“ — 2e~ — > Cl 2 

Cathode: 2Na^ + 2e~ — ► 2IMa‘’ 

Cell: ^Na+CI- 

The sodium liberated at the cathode rises to the surface in the annular 
compartment surrounding the cathode and flows over into the con- 
tainer C, where the sodium is collected under oil and subsequently 



Fig. 95. — Downs cell used in the production of sodium. 


withdrawn. The chlorine liberated at the anode is removed from the 
cell via the exit tube, indicated in Fig. 95, and is collected for sale as 
elemental chlorine or for use in other chemical processes. 

The chief uses of sodium are concerned with the preparation of 
compounds such as sodium peroxide (Na 202 ) and sodium cyanide 
(NaCN). Sodium is also used in many preparative procedures for the 
formation of compounds that do not contain sodium, tetraethyl 
lead, dyes, organic medicinals, etc. Electric lamps containing sodium 
and neon are known as sodium-vapor lamps. Such lamps produce a 
soft penetrating yellow light which is used in the illumination of high- 
ways. Although the other alkali metals are used to only a very limited 
extent, each has certain rather highly specialized uses, e,g,, the use of 
cesium in photoelectric cells and in certain types of radio tubes. 
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Alkaline-earth Metals, Of these metals, Ca, Sr, and Ba, only 
calcium is produced commercially in appreciable quantities. These 
three metals are more difficult to produce than the alkali metals since 
the chlorides of the alkaline-earth metals melt at relatively high tem- 
peratures. Furthermore, when these metals are liberated at the 
cathode, they tend to become colloidally dispersed throughout the 
molten electrolyte. Accordingly, it is necessary to design the elec- 
trolytic cells in such manner as to permit the immediate collection of 
the elemental metal. The type of cell used in the production of cal- 
cium (Fig. 96) will serve as a suitable illustration. Molten calcium 



Fig. 96. — Cell for the electrolytic production of calcium. 


chloride is placed in a cylindrical vessel around the walls of which are 
placed several carbon anodes and through the bottom of which extends 
an iron cathode. Directly above the cathode is placed a bar of calcium 
in contact with the surface of the electrolyte and cooled by water 
which flows through pipes that surround the bar. As calcium is 
liberated at the cathode, it rises through the electrolyte, comes in con- 
tact with and adheres to the bar of calcium. 


Anode: 2CI~ - 2e- Cl® 

Cathode: -f- 26“ -> Ca® 

Cell: Ci® 


The bar of calcium is slowly withdrawn at a rate equal to that at 
which the calcium metal is collected. Of course, chlorine is produced 
at the anode. 
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The development of extensive uses for the alkaline-earth metals 
has been retarded by their high cost of production. Nevertheless, 
these metals are very useful in the chemical laboratory and are used 
commercially to a limited extent as reducing agents in the production 
of other metals. 

Magnesium. The method most widely used in the production of 
magnesium involves the electrolysis of fused magnesium chloride in an 
iron vessel (the walls of which serve as the cathode) into which anodes 
made of carbon are suspended. The magnesium liberated at the 
cathode is lighter than the electrolyte and therefore rises to the surface 
where it is removed mechanically. 

Although magnesium metal is used in the manufacture of signal 
flares, in the removal of gases from radio tubes, and in the production 
and purification of other metals, the single most important use for this 
metal lies in the fabrication of alloys (Sec. 25.6). In recent years, 
many industrial products previously made from heavy metals such as 
copper and iron have been replaced by alloys of the light metals such 
as magnesium, beryllium, and aluminum. The increased speed and 
efficiency of modern transportation facilities (airplanes, automobiles, 
streamlined trains, etc.) are possible largely through the a“v affability 
of alloys of the light metals. With the present extensive expansion of 
transportation by air, it is not unreasonable to suggest that magnesium 
and aluminum may eventually come to rival the traditional industrial 
importance of iron. 

Zinc. Although it is a fairly active metal, the chemical activity 
of zinc is markedly less than that of the other metals considered in this 
chapter. Only about one-fourth of the zinc produced in this country 
is prepared by electrolysis. The remainder is produced by nonelec- 
trolytic methods which will be described in a subsequent chapter (Sec. 

26.7) . In the electrolytic process, zinc ores are treated (“leached”) 
with dilute sulfuric acid which extracts the zinc as zinc sulfate. The 
resulting aqueous solution is electrolyzed between a (;arbon anode and a 
cathode consisting of a thin sheet of pure zinc. Oxygen is liberated 
at the anode. As the electrolysis proceeds, the solution becomes 
progressively dilute with respect to Zn++ and progressively con- 
centrated with respect to H^S07 (Sec. 21.5). Consequently, the 
aqueous electrolyte may finally be used to treat a new batch of 
zinc ore. 

Zinc is used chiefly as a protective coating for other metals (Sec. 

26.7) and in the manufacture of alloys such as bronzes, brass, and 
bearing metals. Lesser quantities of zinc are used in the manufacture 
of dry-cell batteries (Sec. 23.8), and as a reducing agent both for small- 
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scale laboratory use and in the industrial production of less active 
metals such as silver. 

Aluminum. It is a significant fact that chemical industries are 
(characterized by ever-increasing quality of products accompanied by 
ever-decreasing prices. This trend is perhaps no better illustrated 
than by the history of the production of aluminum. This metal was 
first prepared in Denmark in 1825 
by the reduction of aluminum 
chloride by potassium at elevated 
temperatures. 

AICI 3 -j- 3K — > Al -f- 3KCI 

The aluminum so produced sold 
for $158 per pound owing to the 
high cost of potassium and to the 
expense involved in obtaining dry 
aluminum chloride. Substitution 
of the cheaper metal sodium for 
the potassium lowered the price of 
aluminum to around $25 per pound 
while subsequent improvements in 
methods for the production of 
sodium made possible the sale of 
aluminum at $5 per pound. Even 
so, these improved methods resulted 
in a total production of less than 
100 lb. of aluminum during the 
years in which these methods were 
used. 

While still an undergraduate student at Oberlin College, Charles 
Martin Hall (Fig. 97) became interested in the problem of producing 
aluminum efficiently and at low cost. Using makeshift equipment 
and working under many handicaps, he successfully devised the elec- 
trolytic process that has come to bear his name. Hall first produced 
aluminum in 1886 and its price soon thereafter dropped to about 20 
cents per pound. In the Hall process, the cell proper consists of an 
iron box lined with carbon which serves as the cathode; a series of 
carbon rods extending into the vessel serve as the anode (Fig. 98). 
The vessel is charged with the mineral cryolite (NasAlFe) (sodium 
aluminum fluoride) which is melted by the heat generated by the elec- 
tric current from the generator. To the melted cryolite is then added 
aluminum oxide (AI 2 O 8 ) obtained from the ore known as bauxite 



Fig. 97. — Charles Marlin Hall (1863- 
1914). 



276 


GENERAL CHEMISTRY 


[Chap. XXII 


(AI 2 O 3 H 2 O and AI 2 O 3 2 H 2 O). The oxide dissolves in the sodium 
aluminum fluoride and serves as the electrolyte. Thus, the molten 
(Tyolite serves as the solvent and aluminum oxide as the solute. Dur- 
ing electrolysis aluminum liberated at the cathode settles to the bottom 
of the cell and is withdrawn at suitable intervals. Of the oxygen 
liberated at the anode, some escapes as such while a part reacts with 
the carbon anodes to form oxides of carbon. As the dissolved alumi- 
num oxide is electrolyzed, provision is made for addition of more AI2O3 
at regular intervals so that the cells may be operated continuously. 

Using the Hall process exclusively, the aluminum industry in tin? 
United States alone produc es more than 150,000 tons of alumijiurn 
each year, and it is impossible to estimate the magnitude of probable 



Fig. 98. — Prociuction of alaininuni by tbe Hall process. 


future production. The commercial product obtained directly by 
electrolysis has a purity greater than 99 per cent. It is of interest to 
note that a few months following the discovery of the Hall process, an 
identical method was discovered independently by the French chem- 
ist, Heroult. 

The uses of aluminum are those characteristic of the light metals, 
some of which uses have already been pointed out in connection with 
the discussion of magnesium (see above). Aluminum is also used in 
fabricating wire cables for electric-power transmission lines, in the 
manufacture of kitchen utensils, furniture, paint, and a wide variety 
of other useful articles. In connection with the general topic of alloys 
(Sec. 25.6) attention will be called to several important alloys con- 
taining aluminum. 

22.2. Electrolytic Refining of Copper 

A large percentage of the metallic copper produced is used in the 
form of copper wire for the conduction of electricity. For this purpose, 
copper must be rendered very pure since the electrical conductivity 
of copper increases with increase in purity. Copper produced by the 
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usual chemical methods (Sec. 26.1) is not sufficiently pure for this 
purpose and is therefore subjected to an electrolytic refining process. 
Crude copper in the form of large slabs (Fig. 99) serves as the anode, 
and a thin sheet of pure copper serves as the cathode in an electrolytic 
cell in which an aqueous solution of copper sulfate containing an excess 
of dilute sulfuric acid is used as the electrolyte. The chief impurities in 
the crude copper anode consist of Zn, Ni, Fe, Ag, Au, Pt, and Pd. 
During electrolysis the anode dissolves to form Cu+^, Zn^+, and 

Fe+"^, and the applied voltage from the generator is so regulated that 
only the copper is deposited on the cathode, leaving the Zn++, Ni^^ , 
and Fe“^ (which are present in relatively small amounts) in solution. 
At the same time, the less active metals, Ag, Au, Pt, and Pd do not 
dissolve to form ions and hence simply scllle to the bottom of the cell 



where they collec^t in the form of a “sludge.’' Tlie copper which is 
deposited on the cathode is usually at least 99.9 per cent pure. 

Each industrial chemical process has as its objective the economical 
production of a particular primary product. It is frequently true that, 
in attaining this objective, one or more by-products may become 
available. If these by-products can be disposed of at a profit, this 
serves to decrease the over-all cost of operation and to permit the sale 
of the primary product at a lower, more favorable competitive price. 
Thus, the cost of electrolytically refined copper is dependent upon the 
recovery and sale of the by-products, silver, gold, platinum, and pal- 
ladium. These so-called precious metals are recovered in large quanti- 
ties from accumulated “ anode sludges.” Fully one-fourth of the total 
production of silver, about one-eighth of the gold, and lesser quantities 
of platinum and palladium are obtained as by-products of the elec- 
trolytic refining of copper. 

22.3. Electroplating Industries 

Everyone is aware of the fact that, if objects made of iron, steel, 
or other metals or alloys are allowed to remain in contact with air and 
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atmospheric moisture, their surfaces become tarnished, “rusted,” or 
corroded. The practice of placing (by electrolysis) a protective metallic 
coating upon such objects constitutes one of the oldest of the electro- 
chemical industries. The metal comprising the protective coating 
usually consists of less active metals such as silver, gold, platinum, 
chromium, nickel, or copper. Electroplating is sometimes done merely 
for the purpose of improving the appearance of the finished product . 
In the process of electroplating silver on the surface of table cutlery, 
for example, the object to be plated is made the cathode of the elec- 
trolytic cell (Fig. 100). A sheet of pure silver constitutes the anode, 
which dissolves at the same rate that silver is deposited on the cathod(\ 
The electrolyte consists of potassium argentocyanide [KAg(CN)2]. 



Fig. 100. — Tlie electroplating of table cutlery with silver. 


In this as in most other electroplating operations, it is desired to 
obtain a firm adherent deposit of metal which can thereafter be bur- 
nished or polished. In order to secure such a deposit, careful regu- 
lation of temperature, current, concentration of electrolyte, and rate of 
deposition must be maintained throughout the entire electrolysis. 
Failure to control any one or more of these variables usually results in 
flaky or crumbly nonadherent deposits. 

In a similar manner, copperplating is accomplished using a copper 
anode and a solution of potassium cuprocyanide [KCu(CN)2] as the 
electrolyte. Nickel is usually plated from nickel ammonium sulfate 
solutions [Ni(NH4)2(S04)2] while the electrolyte used in chromium 
plating consists of a mixture of chromic acid (H2Cr04) and chromic 
sulfate [Cr2(S04)3]. The case of chromium serves as a good example 
of the problems frequently encountered in the electroplating industries. 
In order to place a bright, attractive, and yet highly protective coating 
on objects such as automobile bumpers and headlights, it is desirable 
to coat the original iron or steel object with chromium. However, 
since chromium does not adhere readily to iron, the iron is first coated 
with nickel and finally with chromium. 
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22.4. Electrolytic Production of Nonmetallic Elements 

With the single exception of fluorine, the nonmetallic elements are 
usually more conveniently prepared by nonelectrolytic methods, some 
of which will be described in detail in a later chapter. However, cer- 
tain nonmetals are produced in sufficient quantity by electrolytic 
methods to warrant their consideration here. 

Hydrogen anti Oxygen. From the preceding sections together 
with Chap. XXI, it should be apparent that oxygen and hydrogen may 
often appear as by-products of industrial electrochemical processes in 
which nondischargeable anions and cations are involved. Whether 
these elements are collected and used depends, in any case, upon the 
costs involved and the competition offered by other methods of pro- 
duction. Since oxygen can be produced so readily and at such low 
cost from liquid air (Sec. 4.1), but little oxygen is produced commer- 
cially by other methods. A considerable quantity of hydrogen is 
produced as the primary product together with by-product oxygen by 
the electrolysis of aqueous sodium hydroxide solution. The elec- 
trolytic'/ cell employs an iron cathode and a nickel anode. The prod- 
ucts, hydrogen and oxygen, are the same as those resulting from the 
electrolysis of water, dilute sulfuric acid, etc. (Sec. 21.5). Large 
(quantities of hydrogen are also pioduced as a by-product of the elec- 
trolysis of aqueous sodium chloride solution. 

Halogens. As will be pointed out in Sec. 22.5, an important 
industrial method for tlie production of chlorine is perhaps more sig- 
nificant in terms of the primary product, sodium hydroxide. Of 
course, chlorine, bromine, and iodine may be formed by the elec- 
trolysis either of aqueous or fused chlorides, bromides, or iodides. 
However, with the exception of chlorine, these elements are more 
commonly produced by other methods. 

Fluorine can be produced only by electrolysis, and then only with 
difficulty. The complications involved in its production arise from 
the extreme chemical activity of this element. Of all the known ele- 
ments, fluorine has the greatest affinity for electrons; hence, it is the 
most powerful oxidizing agent (electron acceptor). Accordingly, 
fluorine cannot be prepared by the oxidation of fluorine compounds 
since this would require an oxidizing agent more powerful than fluorine. 
This element displaces oxygen from water, attacks all but the very 
unreactive metals such as platinum, and forms compounds with all 
elements except the inert gases. Because of its generally corrosive 
character, the design of apparatus for the preparation, storage, and 
use of fluorine presents many difficult problems. The element is pre- 
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pared by the electrolysis of fused potassium hydrogen fluoride (KHF 2 ) 
in a copper cell which serves as a cathode and which is fitted with 
graphite anodes (Fig. 101). Although cells made of copper are fairly 
resistant to attack by fluorine, they last for only a short time. More 
durable cells may be made of silver, platinum, or gold. 

The importance of fluorine lies largely in the use of several com- 



Fig. 101. — Cell for the production 
of fluorine by the electrolysis of potas- 
sium hydrogen fluoride. 


pounds of that element. Calcium 
fluoride (CaF 2 ) {fluorspar) is used 
as a flux and like sodium fluoride 
(NaF) as an insecticide. Ammo- 
nium fluoride (NH4F) is used as 
a disinfectant, hydrofluoric acid 
is used in the etching of glass, and 
organic fluorine compounds are 
used as (commercial refrigerants. 

22.5. Electrolytic Production 
of Compounds 

Only a small number of com- 
pounds are produced directly by 
electrolysis. To illustrate this 
type of process, the electrolytic 
production of sodium hydroxide 
will be described in detail, and it 
will thereafter be shown how this 


pr^ess may be modified to permit the formation of two other valuable 
^mmercial chemicals. 

Sodium Hydroxide. The electrolysis of an aqueous solution of 
sodium chloride yields chlorine at the anode and hydrogen at the 
cathode. Discharge of hydrogen ions (from water) leaves sodium and 
hydroxyl ions in the region surrounding the cathode. Thus, sodium 
hydroxide is produced in the solution about the cathode. The use 
of this method for the production of both chlorine and sodium hydrox- 
ide depends upon the devising of some means of keeping the chlorine 
and sodium hydroxide from coming into contact since they react to 
form other compounds (see below). Of the numerous cells designed 
to accomplish this purpose, one used rather widely is the Nelson cell 
(Fig. 102). 

The walls of the vessel that serves as the container for the salt 
solution (brine), and as the cathode, consist of perforated sheets of iron 
or of wire gauze covered on the inside with layers of asbestos paper. 
The anodes, composed of graphite, are immersed in the solution in the 
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center of the cell. The thickness of the asbestos paper and the height 
of the liquid in the cell are such that the aqueous solution seeps through 
the paper and reaches the cathode just fast enough to sweep the 
hydroxyl ions to the back of the cathode as rapidly as they are left 
behind by the discharge of hydrogen ions. The liquid at the back of 
the cathode takes no further part in the electrolysis and drops off the 
cathode and into the vessel placed below the cathode. At the same 
time, the chlorine gas liberated at the anode rises into the space above 
the solution, from which the gas is withdrawn by slight suction. 
Thus, the chlorine is collected inside the asbestos walls where it cannot 

+ 



come into contact with the sodium hydroxide. In the operation of the 
Nelson cell, provision is made for continuous operation by adding fresh 
brine automatically. 

In this cell, not all of the dissolved sodium chloride is electrolyzed. 
Consequently, the solution that seeps through the perforated cathode 
contains sodium hydroxide together with some unclianged sodium 
chloride. The solution is concentrated by evaporation, whereupon 
most of the less soluble sodium chloride crystallizes, while the very 
soluble sodium hydroxide remains in solution. This concentrated 
solution of sodium hydroxide (caustic soda) may be sold as such or the 
remainder of the water may be driven off by heating to form solid 
sodium hydroxide. If a purer product is desired, the solid is dissolved 
in alcohol, which will not dissolve the remaining traces of sodium 
chloride. Pure sodium hydroxide is then secured by filtration fol- 
lowed by evaporation of the alcohol. 
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Another somewhat more complicated cell for the production of 
chlorine and sodium hydroxide by the electrolysis of sodium chloride 
solution is the Castner-Kellner cell, which employs a liquid mercury 
cathode. 

Sodium Hypochlorite. If, in the electrolysis of sodium chloride 
solution, provision is made for the intimate mixing of the chlorine and 
sodium hydroxide at low temperatures, the following reaction occurs: 

Ui5 + 2Na+OH- -> Na+ClO- -f Na+Cl" -f H2O 

The resulting aqueous solution containing sodium chloride and sodium 
hypochlorite is known as Javelle water and is used as an antiseptic 
(Dakin’s solution). Treatment of Javelle water with a strong acid 
results in liberation (in solution) of the weak and unstable hypochlor- 
ous acid, 

2Na+CIO- + H+SO7 ->2HClO + NaJSOr 

which decomposes readily to liberate oxygen and which is used exten- 
sively as a bleaching agent. 

Sodium Carbonate. When sodium hydroxide is produced by the 
electrolysis of sodium chloride solution saturated with carbon dioxide, 
sodium carbonate is produced as follows: 

CD2 + H2O H2CO3 
Na+OH- -f H2CO3 H2O + Na+HCOr 

If the quantity of available carbon dioxide is limited, the normal car- 
bonate results. 


2Na+OH- + HaCOs — 2H2O -|- Na+COr 

Although this electrolytic method has many advantageous features 
in comparison with other methods (Sec. 32.3 and 32.4), it suffers the 
competitive disadvantage of high electrical-power costs. 

EXERCISES 

1. Assuming that a given chemical reaction is being considered as the basis for 
establishment of manufacturing operations, what characteristics of the reaction 
will determine the economic feasibility of its use on a commercial scale? 

2. Suggest several factors that might influence the choice of location for any 
industrial chemical process. 

3. Why are the more active metals most commonly prepared by the electroly- 
sis of fused salts? 

4. What fact would make it seem unwise economically to build a plant 
dessigned to produce chlorine as the only product? 

5. Show how the selling price of copper is influenced by the market price of 
silver and gold. 
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6. In what essential respect does the production of aluminum differ from other 
processes in which metals are produced by the electrolysis of fused salts P 

7. Why is it possible to purify copper by electrolysis of solutions that contain 
dischargeable cations other than copper? 

8. Advance arguments in support of the view that metals such as zinc, iron, 
and copper are more precious than gold, silver, etc. 

9. What experimental conditions determine the success of electroplating 
operations P 

10. On the basis of a comparison of the structures of the atoms of F, Cl, Br, and 
I, suggest a reason why fluorine might be expected to be (a) the most active of the 
halogens and (6) the strongest oxidizing agent known. 

11. Suggest a plan whereby four important chemicals might be produced from 
water and only one other raw material. 

12. Upon what one feature of the Nelson cell does the successful use of this 
apparatus depend? 

13. List important uses for each of the following: (a) Javelle water, (b) sodium 
(c) aluminum, (d) magnesium, (e) zinc, (/) copper, (7) fluorine. 

I t. Write (in stef)s) the equation for the oxidation-reduction reaction involved 
in the elect rolytic production of sodium hypochlorite. List the name of the oxidiz- 
ing agent and the reducing agent. 
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CHAPTER XXIII 

BAHERY CELLS 

livery one is familiar with the use of storage batteries in automobiles, 
the use of the so-called dry cell in flashlights, etc. In connection with 
the study of electrolysis (Sec. 21.1), attention was called to the possi- 
bility of employing storage batteries as the source of electrical energy 
necessary for the occurrence of ele('tro('Iiemical transformations. In 
view of the fact that the energy supplied by a battery cell is of chemical 
origin, it becomes of interest to inquire into the manner in which the 
energy originating in chemical reactions can be utilized in the perform- 
ance of useful work. Such an inquiry will serve also to establish the 
relationship between the chemical changes that occur during eleo 
trolysis and those which take place in battery cells. 

23.1. Relationship between Electrolytic Cells and Battery Cells 

Perhaps the best approach to an understanding of the operation of 
battery cells may be had by reconsidering a simple case of electrolysis. 
As has already been shown (Sec. 21.2), the nonspontaneous changes 
that occur during the electrolysis of an aqueous solution of zinc chloride 
may be represented by the following equations: 

A.node: 201““ — 2e“* —>01? 

Cathode: Zn++ -f 2e” — ► Zn® 

Cell: Zn++CIr ->^« + Clf 

These changes are caused to occur by the imposition of an outside force 
which may take the form of electrical energy supplied by a battery 
cell. Thus, energy is utilized and work is done in electrolyzing the 
zinc chloride solution. Since energy may be neither created nor 
destroyed, it follows that the electrical energy utilized during elec- 
trolysis must have been transformed into chemical energy possessed 
by the products of electrolysis. This fact leads directly to the question 
as to whether this chemical energy stored up in the products of elec- 
trolysis (zinc and chlorine) may be retransformed into electrical 
energy. In other words, it is proposed to electrolyze zinc chloride 
solution in a suitable cell and thereafter to use this cell as a source of 
energy, i.e., as a battery. The feasibility of this suggestion may be 
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ascertained by electrolyzing a zinc chloride solution until an appre- 
ciable quantity of the products of electrolysis has been accumulated 
and thereafter connecting the electrodes to a voltmeter as indicated in 
Fig. 103. (Of course, some of the chlorine gas will have been lost, but 
enough chlorine will be dissolved in the water surrounding the anode of 
the electrolytic cell, and contained within the glass housing placed 
about the carbon anode, to enable one to secure the desired informa- 
tion.) It is found that the cell in question is capable of functioning 
as a battery which delivers a voltage of about 2.1 volts. 

As one continues to draw current from this battery, it may be 
shown that zinc dissolves off the electrode and goes into solution as 
Hence, at that electrode which shall be designated as the 



Fig. 103. — Battery resulting from the electrolysis of zItk' chloride solution. 

negative (~) terminal of the battery, electrons are made available by 
the occurrence of the oxidation reaction, 

(— ) Terminal: Zn° — 2e'" — > Zn++ 

which represents the normal tendency toward spontaneous loss of 
electrons by zinc in its effort to approach the electronic structure of the 
nearest inert gas, argon. Correspondingly, the reaction at the positive 
(+) terminal of the battery involves the reduction reaction, 

(-f) Terminal: Cl? + 2e- 2CI“ 

which corresponds to the spontaneous reaction tendency normally 
exhibited by chlorine, as atoms of this element seek additional electrons 
that enable each chlorine atom to acquire an extra-nuclear structure 
like that of an inert gas. Thus, electrons flow from the negative 
terminal through the outside circuit (including the voltmeter) and 
over to the positive terminal. This is just the opposite of the direction 
of flow of electrons during electrolysis, and the oxidation-reduction 
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reactions representing the changes that occur in the battery cell, 

(—) Terminal: Zn® — 2e~ — + 

(+) Terminal: Cl® -h 2e~ — > 2CI~ 

Battery: Zn® + Cl? Zn++ + 2CF 

are also seen to be the reverse of those which occur during the elec- 
trolysis of zinc chloride solution. 

Altliough a battery cell depending upon these reactions of zinc and 
(dilorine could be used as a source of electrical energy, it is rather 
obvious that a battery involving the use of gaseous chlorine would 
hardly be practical in everyday use. Hence, before going any further 
into the problem of the general characteristics of battery cells, a battery 
more nearly suitable for actual use will be considered. 

23.2. Daniell Cell 

One may construct a Danicdl cell quite simply by immersing a strip 
of zinc metal in an aqueous solution of zinc sulfate contained in a 

porous unglazed porcelain cup 
and similarly immersing a strip 
of copper in an aqueous solution 
of copper sulfate in a similar con- 
tainer. When these two units arc^ 
then placed in a container partly 
filled with a solution of an elec- 
trolyte such as sodium chloride, 
and the two terminals are con- 
nected to a voltmeter, as shown 
in Fig. 104, it is observed that a voltage of 1.102 volts is produced. 

It is immediately apparent that the Daniell cell differs from the 
zinc-chlorine battery in that the electrode materials of the former (i.e., 
zinc and copper) are both metals that normally exhibit a tendency to 
lose electrons. If the Daniell cell is to function as a battery, both 
metals cannot lose electrons — one must lose and the other must gain 
electrons. In this particular case, the issue may be decided qualita- 
tively at least, in terms of the order of activity of the metals (Sec. 8.2). 
From Table 8, it will be recalled that zinc is much more active chemi- 
cally than copper; hence zinc might be expected to lose electrons more 
readily than copper if the metals are in contact with solutions of their 
ions at the same concentration. It may be inferred correctly that the 
reactions that occur when the Daniell cell serves as a source of electrical 
energy are 
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(~) Terminal: Zn“ — 2e~ — ♦ 

(+) Terminal: Cu++ + 2e“ — ► Cu® 

Battery: Zn® -f- — + Zn'*'^ -f- 

From this it may be seen that the reactions that occur at the two 
terminals of a battery employing metals as both terminals are depend- 
ent upon the relative tendencies of the two metals toward loss of elec- 
trons. Consequently, any further study of battery cells should be 
based upon some suitable quantitative expression of these tendencies. 

23,3. Electrode Potentials 

The atoms of all the elements have some tendency toward loss of 
electrons. In the case of the nonmetallic elements, this tendency is 
extremely small in relation to their 
tendency to gain electrons. Con- 
sider, for example, the tendencies 
exhibited when a strip of metallic 
zinc is placed in contact with a solu- 
tion containing zinc ions (Fig. 105). 

Atoms of zinc tend to detach them- 
selves from the surface of the metal 
and go into solution as zinc ions 
by losing electrons. At the same 
time, zinc ions in the solution tend 
to acquire electrons at the surface 
of the metal and become zinc atoms. 

Thus in the case of zinc, there 
are two opposing tendencies, the 
larger of which is that toward loss of 
electrons. An equilibrium between these two tendencies becomes 
established and, since the tendency toward loss of electrons predomi- 
nates, the strip of zinc possesses an excess of electrons and may be said 
to have acquired a negative electrical potential, i.e,, there will be a 
difference of potential between the metal and the solution. For zinc 
or for any other substance in contact with a solution of its ions, the 
magnitude of this difference in potential depends upon both tempera- 
ture and concentration. This must be true since the return of ions 
from the solution to the metal depends upon the velocity with which 
the ions move through the solution and upon the number of collisions 
that occur between the ions and the surface of the metal. The higher 
the temperature, the greater will be the speed of the ions, and the 
greater the concentration, the greater will be the number of collisions 
per unit of time. 



Fig. 105. — A zinc electrode in 
equilibrium with a solution contain- 
ing zinc ions acquires a negative 
potential. 
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If, on the other hand, a strip of copper is placed in contact with a 
solution of copper ions (Fig. 106), the same tendencies are exhibited. 
Although copper atoms do tend to lose electrons and become copper 
ions, this is opposed by a greater tendency for copper ions to gain elec- 
trons and become copper atoms. Hence in this case, the copper elec- 
trode acquires a positive potential with respect to the solution. 
Accordingly, the electrode potential of copper is given a positive sign 
while that of zinc is given a negative sign, from which it follows that the 
sign of an electrode potential indicates which of these two tendencies 
predominates. 
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Fig. 106. — A copper electrode in 
equilibrium with a solution contain- 
ing copper ions acquires a positive 
potential. 



Fig. 107. — A common 
type of hydrogen elec- 
trode. 


Measurement of Electrode Potentials. It is not practical to 
attempt to measure the absolute potential difference between each 
element and a solution of its ions. Rather, a suitable reference elec- 
trode is chosen, and other electrode potentials are measured in relation 
to this standard. Ordinarily, the hydrogen electrode (Fig, 107) is used 
as the reference, this electrode consisting of a platinum foil immersed, 
at 25°C., in a solution which is 0.1 TV with respect to hydrogen ions 
and which is so constructed as to permit hydrogen gas (under a pressure 
of 1 atm.) to be bubbled into the solution. The potential of this elec- 
trode is arbitrarily assumed to have the value of zero. To measure the 
potential of the zinc electrode, for example, the hydrogen electrode 
constitutes one-half of the complete cell, as shown in Fig. 108. The 
other half of the cell consists of the zinc strip in contact with a 1 molal 
solution of zinc ions. Thus, one actually measures not the absolute 
potential of the zinc electrode but rather the net effect due to the 
potential difference between zinc and its ions and that between ele- 
mental hydrogen and hydrogen ions. However, since one is interested 
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Element 

^ E(iuilibrium at 

1 electrode 

Potential, 

volts 

Potassium 

K« 

— 

K + 


le“ 

— 2.922 

Barium 

Ba« 


Ba^ + 

+ 

2e~ 

-2.90 

Calcium 

Ca» 


Ca++ 

+ 

2e~ 

-2.763 

Sodium 

Na« 


Na+ 

+ 

le~ 

-2.712 

Magnesium 

Mg« 


Mg-H' 

+ 

2e- 

- 2.10 

Aluminum ... 

AE 


A 1 +++ 

+ 

3e“ 

-1.70 

Manganese 

Mn« 


Mn++ 

+ 

2 e” 

- 1.10 

Zinc 

Zn» 


Zn++ 

+ 

2 e- 

-0.758 

Chromium 

Cr" 


Cr++ 


2 e- 

-0.557 

Iron 

Fe« 


Fe++ 

+ 

2 e“ 

-0.44 

Cadmium 

Cd« 


Cd++ 

+ 

2 e- 

-0.397 

Nickel 

Ni» 

;=± 

Ni-^+ 

+ 

2 e- 

- 0.22 

Tin 

Sn^' 


Sn++ 

+ 

2 e- 

-0.13 

Lead 

Pb« 


Pb++ 

+ 

2e~ 

- 0.12 

Hydrogen 

1 h'H? 

7 -^ 


+ 

le- 

0.00 

Bismuth 

Bi« 


Bi-+-++ 

+ 

3e~ 

-fO .20 

Copper 

Cu® 

7 -^ 

Cu++ 

+ 

2 e- 

+0.344 

Silver 

Ago 


Ag+ 

-h 

le- 

+0.799 

Mercury 

Hg« 


Hg++ 

+ 

2 e- 

+ 0.86 

Platinum 

W 

;=± 

Pt++H-+ 


4e~ 

+0.863 

Gold 

Au® 

Trf: 

Au++'^ 

+ 

3e“ 

+1.36 


* The electrode potentials listed in this table correspond to zneasurements involving half cells in 
vvhich each metal was in contact with a 1 molal solution of its ions at 25^0. 
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primarily in comparing the potential of one electrode with that of 
another, the constant error involved in assuming the potential of the 
hydrogen electrode to be zero does not detract from the utility of the 
electrode potential values obtained in this manner. By making a 
series of such measurements using a variety of electrodes in comparison 
with the hydrogen electrode, an extensive list of electrode potential 
data may be compiled. Such a list is given in Table 26 

A comparison of Table 26 with the order of activity of metals (Sec. 
8.2) will reveal that the two are identical so far as the positions of the 
various metals (and hydrogen) are concerned. 

In terms of the data of Table 26, the voltage produced by the 
Daniell cell is seen to be the sum of the negative potential of the zinc^ 
electrode and the positive potential of the copper electrode, i.e., 
0.758 +■ 0.344 = 1.102 volts. The voltage produced by a battery 
involving a cadmium and a lead electrode would be the difference 
between the two potentials (i.c., 0.397 — 0.12 = 0.277 volt) since both 
of these electrodes are negative with respect to solutions of their ions. 

23.4. Construction of Battery Cells 

Any consideration of the requirements to be fulfilled in the con- 
struction of battery cells should recognize first that the substances used 
as electrodes may be but need not be produced by electrolysis. In the 
earlier discussion of the zinc-chlorine battery (Sec. 23.1) both of the 
substances involved at the two terminals were considered to be 
the products of a previously conducted electrolysis. However, the 
zinc-chlorine battery could just as well have been constructed by the 
use of zinc and chlorine produced by entirely nonelectrolytic methods. 
The student will recall that, in connection with the description of the 
Daniell cell (Sec. 23.2), no specifications were made with regard to the 
origin of any of the chemicals involved. This freedom to select suit- 
able materials regardless of their origin or past history follows from the 
fact that the changes that occur during the production of current by 
a battery are entirely spontaneous, i.e., zinc has a certain tendency to 
lose electrons which is the same irrespective of the origin of the zinc. 

Since suitable arrangement of two substances having different 
tendencies toward loss of electrons should result in a battery cell, the 
number of possible batteries would seem to be almost without limit. 
In constructing such batteries, certain broad requirements must 
be recognized. These will be enumerated before considering the 
relative practicality of the many batteries that might conceivably be 
constructed. 
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1. A battery requires two '*half cells,'^ each of which must involve two 

valence states of an element Thus, in the Daniell cell, one half cell 
consists of copper metal (valence = 0) in contact with copper ions 
(valence = 2 + ), while the other consists of zinc metal (valence == 0) 
and zinc ions (valence = 2+). Although often convenient, one com- 
ponent having zero valence is not required. For example, a battery 
could be constructed so as to involve ferrous and ferric (Fe'^++) 

ions, thus meeting the requirement stated above. 

2. The two solutions surrounding the terminals must either he in con- 
tact or must be connected by a solution of an electrolyte. Examples of 
suitable arrangements are furnished by tlu' preceding discussions and 
by those to follow. The function of the elec^trolyte between the two 
terminals is exactly the same as that discussed in connection with the 
study of electrolysis, viz., the maintenance of electrical neutrality in 
the region of the chictrodes. This is a(;eomplished by the transport of 
ions through tlie solution. 

3. The negative terminal of the battery is that involving the substance 
having the greater tendency to lose electrons. Electrons must therefore 
be acquired at the other terminal which is designated as the positive 
terminals, 

4. The voltage delivered by a battery is determined by the innate 
tendencies of the active materials to lose electrons and by the concentration 
of these materials. In Table 26, the listed numerical values represent- 
ing the various electrode potentials were obtained experimentally under 
comparable conditions of concentration and temperature. The rela- 
tive position of any electrode included in that list would be changed if 
the experimental measurements were made using a sufficiently different 
concentration of ions surrounding the electrode. The influence of a 
change in concentration upon these equilibria is wholly in accord with 
facts presented earlier in connection with the study of reversible reac- 
tions and equilibria (Sec. 12.6). 

Practical Batteries. In the manufacture of batteries for the per- 
formance of useful work, convenience, cost, and durability are the 
major considerations. Since so-called storage batteries generally 
involve the use of aqueous solutions of electrolytes, very active metals 
such as sodium, potassium, and calcium are excluded since these 
metals displace hydrogen from water. The very active nonmetal, 
fluorine, is also excluded since it displaces oxygen from water. The 
gaseous elements and compounds are also impractical since provision 
for the use of gases in batteries for everyday application would be 
very difficult. With these exclusions, it follows that practical batteries 
usually employ electrodes consisting of the solid elements (both metals 
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and nonmetals) and their solid compounds in contact with electrolytes 
in aqueous solutions the cencentration of which may be varied over 
wide ranges. 

If one wishes to construct a battery to deliver a given voltage, the 
initial selection of the electrode materials may be made by reference to 
a tabulation of electrode potentials, such as is given in Table 26. For 
example, if a 2.0-volt cell is desired, the use of manganese and mercury 
terminals would be indicated since this combination (see Table 
26) would produce 1.10 + 0.86 = 1.96 volts. By suitable adjustment 
of the concentration of the electrolytes surrounding the two terminals, 
exactly the required voltage could be obtained. If one wished to con- 
sider electrodes other than the metals listed in Table 26, reference 
should be made to more extensive tables of data. 

From a consideration of the nature of the changes that occur while 
a battery is in use as a source of energy, it may be seen that the negative 
terminal is dissolved while the concentration of the ions corresponding 
to the positive terminal is progressively decreased as these ions are 
converted to the corresponding neutral atoms that are deposited at the 
surface of the positive terminal. Hence the useful life of a battery 
would appear to be limited by the available supply of the materials 
that TeRct (spontaneously) at the two terminals. This is not the case 
if the battery is one capable of being “(charged.” While a battery is 
delivering current, it is said to be undergoing a process of discharge. 
Reversal of the reactions that occur during discharge constitutes the 
process of charging the battery, which is accomplished by electrolysis. 
In effecd, the production of the zinc-chlorine battery consisted in the 
charging of that battery. If the battery was then used as a source of 
current until all or nearly all of the zinc and chlorine was used up, the 
cell could be charged again by repeating the process of electrolysis. 
To charge a battery capable of providing any given voltage, it is neces- 
sary only to connect the terminals to the corresponding terminals of 
another battery (or more likely a generator) capable of producing a 
higher voltage. Examples of batteries that may not be recharged con- 
veniently are the Daniell cell and the common dry cell. The familiar 
lead storage battery owes much of its utility to the ease with which it 
may be recharged. 

23.5. Gravity Cell 

The gravity or crowfoot battery (Fig. 109) is merely a special case 
of the Daniell cell (Sec. 23.2) and involves identically the same reac- 
tions. The gravity cell is constructed by surrounding thin sheets 
of copper (which serve as the positive terminal) by a saturated solu- 
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tioii of copper sulfate together with an excess of solid crystals of 
CuS 04 - 5 H 20 . The solution surrounding the negative terminal con- 
sists of a diluie solution of zinc sulfate having a specific gravity so much 
less than that of the concentrated copper sulfate solution that the two 
solutions do not mix appreciably ; hence the name gravity cell. A heavy 
zinc electrode (the negative terminal) is fashioned in the form of a 
crowfoot in order to present an extensive surface area and is immersed 
in the dilute zinc sulfate solution. When the two terminals are con- 
nected, electrons flow from the zinc to the copper electrode. The ini- 
tial voltage supplied amounts to 1.102 volts. However, as the 



battery continues to deliver current, the zinc electrode dissolves and 
the surrounding solution becomes progressively more concentrated, 
hence, the zinc electrode becomes less negative with respect to the 
solution and the voltage drops off in proportion. It is neither con- 
venient nor practical to attempt to recharge a gravity cell. 

23.6. Lead Storage Battery 

This battery is the one so commonly used in automobiles as well as 
in numerous other applications that require relatively small voltages. 
The essential parts of the lead storage battery are shown in Fig. 110. 
As constructed commercially, a hard rubber case contains dilute sul- 
furic acid of initial specific gravity equal to from 1.250 to 1.275 which 
serves as the electrolyte. The negative terminal consists of a sheet 
(or sheets) of lead so formed as to permit a coating of spongy elemental 
lead to be held upon the surface exposed to the electrolyte. The posi- 
tive terminal is constructed similarly and consists of grids of lead 
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packed with lead dioxide (Pb02), During discharge, the cell reactions 
are 

( — ) Terminal: Pb^ — 2 e~ — + 

IV+ 

(+) Terminal: Pb -f- 2e“ Pb^+ 

IV+ 

Battery: Pb® + Pb — > 2Pb+'^ 

However, since these reactions occur in the presence of sulfuric acid, 
the lead ions resulting from the primary reactions indicated above are 
c:onverted to insoluble lead sulfate. Accordingly, the complete 



description of the process of discharge is represented by the following 
equation : 

discharge 

Pb" + PbOa + 2H+SQ7 :;ZIZZ! 2 PbS 04 + 2H2O 
charge 

As the battery delivers current, the forward reaction results in using 
up some of the available Hf SOr and in the formation of water which 
dilutes the remaining sulfuric acid. Consequently, the process of dis- 
charge is accompanied by a decrease in the specific gravity of the elec- 
trolyte, and this is the basis of the test usually applied to determine the 
condition of a storage battery. Ordinarily, a storage battery should 
be charged when the specific gravity of the electrolyte decreases to a 
value in the neighborhood of 1.100. 

During discharge, both electrodes become coated with insoluble 
lead sulfate and, if this coating is allowed to become excessive, the lead 
sulfate will interfere mechanically with further reaction. Of course, 
this deposit of lead sulfate is removed during the charging process, 
which involves the reversal of the reactions that occur during discharge. 
The lead storage battery is usually charged by connecting it to a 
6-volt d.c. source. The ensuing electrolysis not only results in the 
dissolving of the lead sulfate and the restoration of the initial specific 
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gravity of the electrolyte but also regenerates spongy lead on the one 
electrode and lead oxide at the other. At the same time, electrolysis 
results (to a limited extent) in the discharge of hydrogen and hydroxyl 
ions with liberation of hydrogen and oxygen. Consequently, v/ater 
thus lost by electrolysis as well as that lost by evaporation must be 
replaced periodically by addition of pure water in order to maintain the 
proper concentration of the electrolyte. When completely charged, 
the lead storage cell delivers a voltage of about 2.1. An ordinary 
6-volt lead storage battery consists of a combination of three such 
units. 

23.7. Edison Storage Cell 

Another example of a practical battery, but one less commonly 
used, is the Edison cell. The active electrode materials consist of iron 
and nickel dioxide in contact with an electrolyte consisting of aqueous 
potassium hydroxide solution. Owing to its marked instability, the 
NiOi changes spontaneously to NhOs with liberation of oxygen. The 
reactions responsible for the flow of current are 

( — ) Terminal: Fe'* — 2e~ — > Fe^'*' 

III+ 11+ 

(+) Terminal: 2Ni -f 2e- 2Ni 

~Tn+ n+" 

Battery: Fe^ -f- 2Ni — > Fe'^‘^ + 2Ni 

In the presence of potassium hydroxide, however, the insoluble 
hydroxides of iron and nickel are produced. The processes of dis- 
charge and charge may be represented as follows: 

discharge 

F6« + NhOz + 3H2O 4.. Fe(OH)2 + 2Ni(OH) 2 

charge 


23.8. Dry Cell 

Perhaps the most familiar application of the dry cell is its use in 
flashlights. This battery (Fig. Ill) consists of a zinc case which serves 
as the negative terminal. The inner walls are covered with a thin 
coating of porous paper or cloth which keeps the zinc from coming into 
direct contact with the contents of the cell. A carbon rod placed in the 
center of the cell constitutes the positive terminal while the remaining 
space is filled with a pasty mass consisting of a mixture of ammonium 
chloride and manganese dioxide together with a small amount of zinc 
chloride. The cell is closed at the top by a coating of pitch or wax 
which prevents evaporation of water from the moist electrolyte and 
which also prevents escape of any gases produced within the cell. 
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The primary reactions that occur during discharge are 

{-) Terminal: Zn° - 2 e- 2 n++ 

(+) Terminal: 2 NH| -f ^ 2NH3 + H2 

Battery: Zn° + 2 HHt Zn++ + 2NH3 + H2 

Since the gases, NH3 and H2, cannot escape, they must be utilized 
in reactions within the cell. Ammonia molecules combine with 
zinc ions (produced at the negative terminal) to form the complex ion 
[Zn(]NH3)4]'^‘^Cl7. The hydrogen is consumed by reaction with man- 
ganese dioxide, 

2Mn02 “h TT 2 — ^ Mn 203 H 2 O 

in a slow reaction. If a dry cell is used continuously for an appreciable 
period of time, the foregoing reaction is so slow that the hydrogen is 

not utilized so rapidly as it is 
formed. Consequently, gaseous 
hydrogen collects on the surface of 
.. . the carbon rod and thus tends to 
0 jning positive terminal to 

Zn case such an extent that ammonium 
ions are less readily able to ap- 
proach the surface of the carbon 
rod. This results in a decrease in 
the voltage delivered by the cell. 
However, if a period of rest is per- 

Yig. 111 . Dry cell. mitted, the accumulated hydrogen 

is removed slowly by reaction with 
manganese dioxide and the interference by gaseous hydrogen is thereby 
eliminated. 

The best commercial dry cells have a rating of about 1.5 volts, and 
such batteries may not be charged conveniently. The dry cell is 
rather different from most common batteries in that it is made up 
largely of solid materials. 

EXERCISES 

1 . Define the following terms: (a) negative terminal, (b) positive terminjrf. 

2 . In the construction of battery cells, why Ls it not necessary to use materials 
prepared by electrolysis? 

3 . If copper and a metal such as cadmium are to be used as electrodes in a bat- 
tery, why must copper be the positive terminal? 

4 . What requirement must be met by each of the half cells that together con- 
stitute a battery? 

5 . In terms of the equilibrium existing between an electrode and its surround- 
ing ionic environment, show how the potential of the electrode is dependent upon 
the ionic concentration. 
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6. Why must the two solutions surrounding the two electrodes be connected 
before the battery can deliver current P 

7. Write equations for the reactions that occur in (a) the lead storage battery, 
(6) the Daniell cell, (c) the Edison cell, (d) the dry cell. 

8. Write equations for the reactions that would occur during the discharge of 
batteries employing the electrode materials listed below. In each case, indicate 
clearly which reaction occurs at the negative and which at the positive terminal: 
(a) manganese and tin, (6) cadmium and bismuth, (c) copper and platinum, (d) 
chromium and silver. 

9. By reference to Table 26, calculate the voltage that would be produced by 
each of the batteries suggested in Exercise 8. 

10. With regard to the lead storage battery: (a) What is the single greatest 
advantage possessed by this in comparison with other storage batteries? (h) 
Why is it frequently necessary to add pure water to this battery? (c) What 
reasons might one advance in order to explain the fact that such a battery may not 
be used indefinitely ? 

11. If a potential of —0.557 volt represents the magnitude of the tendency for 
a chromium electrode to lose electrons, why is it that a battery involving one 
chromium terminal has a voltage different from the above value? 

12. List the factors that should be taken into consideration if one wishes to 
construct a practical battery. 

13. What is the function of the manganese dioxide used in the dry cell? 

14. With reference to batteries in general, what terra could be used in place of 
the term charge? 

15. What one factor would seem most likely responsible for the limited useful 
life of the common dry cell? 

16. Represent the reaction between manganese dioxide and hydrogen as a 
t ypical oxidation-reduction reaction. 
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CHAPTER XXIV 
OXIDATION AND REDUCTION 

In an earlier discussion relating to various broad types of chemical 
reactions (Chap. XVIII) the more elementary aspects of oxidation- 
reduction reactions were considered. Before attempting any more 
detailed study of this type of chemical change, it is strongly recom- 
mended that the student review thoroughly those sections of Chap. 
XVIII which are concerned with oxidation and reduction. In doing 
this, particular attention should be directed to definitions of terms, 
characteristics of oxidation-reduction reactions, and suggested con- 
ventional practices employed in the systematic writing of equations 
representing reactions involving both ionic and covalent compounds. 

Particularly in connection with the study of qualitative and quanti- 
tative chemical analysis, the student will have need for a considerably 
more thorough knowledge of oxidation and reduction than may be had 
by the study of the preceding treatment of the subject. Accordingly, 
the following section will be coru^erned with the study of a number of 
additional examples of commonly encountered oxidation-reduction 
changes. For the most part, this study will be restricted to cases in 
which (a) the reducing agent consists of a metal and (6) the oxidizing 
agent is a water-soluble ternary compound. 

24.1. States of Oxidation and Reduction 

Since, for example, sulfur is in periodic group VI and the outer- 
most orbit of the sulfur atom contains 6 electrons, the normal 
state of the neutral sulfur atom may be represented by the symbol, 
S^. It will also be recalled that the normal reaction tendency exhib- 
ited by this sulfur atom is that toward gain of 2 electrons. This 
reduction may occur in two stages in each of which 1 electron is gained, 
i.e., 

so + le- S- 
S“ + le” — > S“ 

The divalent negative sulfide ion, S", represents the maximum extent 
to which sulfur may be reduced, since by gaining 2 electrons, the 
sulfur atom thereby achieves a structure most closely approaching that 
of the nearest inert gas. Hence, it is proper to look upon sulfur (or 
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any other element) as being capable of existing in different conditions 
or states of reduction. In considering the sequence of changes, 

so -> s- -> S- 

three states of reduction are illustrated, and S“" is said to be more 
highly reduced than S^; while S“ may be said to be more highly 
reduced than either or S". 

On the other hand, S“ may be said to represent a higher state of 
oxidation than 8“°, since, in order to accomplish the change from S“ to 
S“, loss of an electron (oxidation) must occur. Similarly, S*^ would 
be said to be more highly oxidized than either S" or 8“. On the 
assumption that a divalent negative sulfide ion may lose 2 electrons 
and thus be converted into a neutral sulfur atom, it must next be 
recognized that this neutral atom may lose successively the 6 electrons 
in its outermost orbit. Hence, it would appear that the highest pos- 

VI + 

sible state of oxidation would be represented by the symbol S . 
Although the independent existence of a positive hexavalent form of 
sulfur may not be anticipated, one should expect to encounter com- 
pounds in which sulfur exhibits an apparent positive valence of six, 
e.g,, SO3. Thus it is seen that an element may exist in a considerable 
number of different states of oxidation or reduction, and one should 
learn early to speak in these terms with full understanding of their 
implications. For practice in the application of these concepts, the 
student is referred to the exercises at the end of this chapter. 

24,2. Factors That Influence the Extent of Oxidation and 
Reduction 

If it is true that an element in a particulai' state of oxidation may 
either gain one or more electrons and thus proceed to successively 
higher states of reduction (lower states of oxidation) or lose one or more 
electrons and thereby proceed into successively higher states of oxida- 
tion (lower states of reduction), there arise at once the conjoint prob- 
lems of tlie factors that influence the extent of oxidation and reduction 
and one’s ability to exercise control over oxidation-reduction reactions 
through the medium of these factors. If, upon bringing together an 
oxidizing agent and a reducing agent, two or more reactions are possi- 
ble, the predominant reaction will be that which proceeds at the 
greatest rate under the particular experimental conditions employed. 
Consequently, since the relative rates of competitive reactions are 
involved, oxidation-reduction reactions are subject to influence by the 
same factors that have bearing upon the rates of chemical reactions in 
general, viz., temperature, concentration, and catalysis. In addition, 
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the extent of oxidation and reduction is governed largely by the 
inherent characteristics of the particular oxidizing and reducing agents 
concerned. This fact may be illustrated best by consideration of a 
specific case. 

Suppose that a metal, M, is to be oxidized to by its reaction 
with concentrated sulfuric acid at room temperature and in the 
absence of any catalytic effects. In II2SO4, sulfur has an apparent 

VI+ 

positive valence of 6 and it is recognized that this S might be reduced 

V+ IV+ III4- in- 
to S, S, S, S, S+, S^, S~, or S^. Of this wide variety of prod- 
ucts, that which will be forme^d or at least that which will predominate 
if a mixture of products is realized will be determined by the relative 
effectiveness of M as a reducing agent. The effectiveness or “ strength ” 
of any reducing agent is dependent upon its inherent tendency toward 
loss of electrons. Suppose that the metal M is one included in Table 
26 of Chap. XXIII. If M is a metal located near the top of the list, 
it will have a marked tendency toward loss of electrons, and it may be 
said to be a strong reducing agent. In its reaction with concentrated 

sulfuric acid, it would be expected to reduce S to a relatively low 
state of oxidation. The lower the metal M is listed in the table, the 
less extensive will be the reduction realized when that metal is oxidized 
by concentrated sulfuric acid. Should the reducing agent be some- 
thing other than a metal and therefore not listed in Table 26, one could 
estimate its relative strength by reference to more complete tabula- 
tions which include not only the metals but also the nonmetals, their 
compounds, and ions. 

Having seen something of the factors that influence oxidation- 
reduction changes, attention should next be directed toward the study 
of specific reactions involving some of the more common oxidizing and 
reducing agents. 

24.3. Reactions of Concentrated Sulfuric Acid 

The student has already learned that the reactions of dilute sul- 
furic acid are those dependent upon the existence of hydrogen ions, or 
rather hydronium ions, in the water solutions. 

H+SOr -h H2O H3O+ -1- HSO 7 

Since concentrated sulfuric acid contains relatively little water (if, 
indeed any is present at all), reactions requiring the presence of 
hydronium ions are either suppressed or eliminated entirely. Conse- 
quently, the most common reactions of the concentrated acid are those 
which are concerned primarily with the central sulfur atom which has 
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ail apparent positive valence of six and not with ions resulting from 
interaction of the solute with the solvent. 

Concentrated sulfuric acid is a very effective oxidizing agent. 
More properly, one should say that the central sulfur atom in Il 2 >S 04 is 
an effective oxidizing agent since it is this atom which acts as the elec- 
tron acceptor. Accordingly, when concentrated sulfuric acid partici- 

VI+ 

pates in an oxidation-reduction reaction, reduction of S occurs in a 
degree dependent upon the strength of the reducing agent employed. 
These reactions are of interest here not only because of the manner in 
which they illustrate oxidation-reduction processes but also because 
certain of the final products of 1 hese reactions are important and useful 
(‘ommercial chemicals. Some of the more common reduction products 
of concentrated sulfuric acid are listed in Table 27. 


TABLE 27 

Reduction Products of Concentrated Sulfuric Acid 



1 

Et^ciroiis 

Reduction products 


gained by 




VI + 

S 

Apparent 
valence of 8 

b]\a:aples 

VI+ 

H 2 S 04 

2 

IV + 

Sulfur dioxide* (SO 2 ) 

3 

in+ 

llyposulfurous acidf (H 2 S 2 O 4 ) 


6 

0 

Elemental sulfur (S”) 


8 

n- 

Hydrogen sulfide J (H 2 S) 


* Other examples include sulfurous acid and its salts, 
t Or salts of this acid. 

J Or any salt of hydrosulfuric acid. 


If one wished to reduce concentrated sulfuric acid to sulfurous acid, 
it is apparent from Table 27 that, since only the gain of 2 electrons is 
required, tliis change should be accomplished by use of a relatively 
weak reducing agent, e.g., the metal copper (see Table 26, Chap. 
XXIII). In this reaction copper is oxidized (loses electrons) and the 
change may be represented as follows: 


(a) 

Cu" 

— 

2er 



V1+ 



IV+ 


(b) 

S 

+ 

2e- 

S 





VI+ 


1V+ 

(c) 

Cu<> 

■f 

S 

->Cu++ 

+ S 


Having represented the essential oxidation-reduction changes [equa- 
tions (a) and (6)] together with their summation in equation (c), one 
may next proceed to write the morife complete and oonventional type 
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of chemical equation in a manner wholly analogous to that previously 

VI+ 

outlined in Chap. XVIII. Recognizing that the S was used in the 

IV+ 

form of H 2 SO 4 and that the product containing S is sulfurous acid, 
one may modify equation (c) by incorporation of this information, thus, 

Cu« + H2SO4 Cu++ + H2SO3 

From this unbalanced expression, students are frequently led to suggest 
that copper oxide (CuO) is formed in the reaction since, by representing 
this product, the above expression may be balanced. However, cop- 
per oxide reacts with sulfuric acid; hence this suggestion must be 
rejected. As a matter of fact undoubtedly already acquired by the 
student’s experience in the laboratory, the reaction between copper and 
an excess of sulfuric acid results in the formation of copper sulfate. 
[In this connection, it should be recalled that a reaction between an 
oxidizing acid and a metal listed below hydrogen in the order of activity 
of metals (Sec. 8.2) results in the production of a salt and products 
other than hydrogen.] Consequently, equation (c) leads finally to a 
complete equation. 

(d) Cu« -f H2SO4 + H+SO7 CU++SO7 + H2SO3 + H2O 

The formula for sulfuric acid is represented twice only for the purpose 
of emphasizing the fact that one molecule acts as an oxidizing agent 
and actually participates in the fundamental oxidation-reduction 
change whereas the other molecule merely behaves as a strong elec- 
trolyte and supplies the sulfate ion required for t he formation of copper 
sulfate. When equations of this sort are written, the various steps 
should, of course, be assembled in the following form : 

(а) Cu® — 2e” Cu'' + 

VI+ IV+ 

(б) S S 

VI+ IV+ 

(c) Cuo + S Cu++ + S 

id) C^+ H2SO4 + H+SO7 — CU++SO7 + H2SO3 4 - H2O 

Should one wish to produce elemental sulfur by the reduction of 
sulfuric acid, it is apparent at once that, since the gain of 6 electrons 
is involved, this reduction process will require a reducing agent stronger 
than was required in the production of sulfurous acid. Thus, copper 
would prove to be inadequate and one would have to use a metal such 
as lead, i.e., one listed higher in Table 26. The final equation repre- 
senting this reaction may be developed as follows: 
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(a) 

SPb" - 6e- 

— ► 

3Pb++ 

VI+ 



(b) 

S 6 c~ 

— ► 

S° 


vi+“" 



ic) 

3Pb'’ + S 


3Pb++ + 

(d) 

3Pb'' + H 2 SO 4 

+ 

3 H+SO 7 3 Pb++S 07 -1- S« + 4 H 2 O 


An example of a reaction involving coiicentrated sulfuric acid and a 
strong reducing agent is provided by that in which Zn^ is oxidized to 
In this case, the reducing agent is a sufficiently effective elec- 

VI f 

tron donor to permit the gain of 8 electrons, thus reducing S to 

II- 

S, as shown in detail by the following equations: 


(a) 

4Zn^ 

- He~ 

4Zn + + 

VI + 


II- 

(h) 

S 


S 




II- 

(e) 

42no 

-f s 

— 4Zn++ + S 

W 

4Zn« + H 2 SO 4 + 4 H+SO 7 4Zn++SOr + H;5 + H^O 


The reactions illustrated by the foregoing examples represent the 
most common behaviors exhibited by concentrated sulfuric acid in its 

vi-i- 

oxidation-reduction reactions with metals. Of course, S may also be 
reduced to other states of oxidation by the judicious selection of the 
reducing agent. It should be recognized also that reducing agents 
other than the metals may be employed. F or example, ferrous sulfate 
reduces concentrated sulfuric acid to sulfur dioxide. Since ferrous 
sulfate is the reducing agent (and must therefore be oxidized), one 
would anticipate that ferric sulfate would be the oxidation product. 

(a) 2Fe+^ — 2^'" 2Fe+++ 

V1+ IV+ 

(b) S 4-2e--^ S 

VI+ ^fv+ 

(c) 2Fe++ + S 2Fe+++ + S 

(d) 2FeS04 + H2SO4 -f H+SO7 Fe+++(S04)r + 5D2 + 2H2O 

Other reactions of this character are included among the exercises at 
the end of this chapter. 

24.4. Oxidation by Nitric Acid 

Because nitric acid and concentrated sulfuric acid are those most 
extensively used as oxidizing acids, it is instructive to compare these 
two acids in relation to their behavior in oxidation-reduction reactions. 
Two essential differences are to be recognized. First, although sul- 
furic acid behaves as an oxidizing agent only when concentrated, nitric 
acid serves as an oxidizing agent at any concentration — even when 
extremely dilute. Second, whereas the nature of the reduction prod- 
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ucts of sulfuric acid is dependent only upon the strength of the reducing 
agent, the nature of the products that are formed by the reduction of nitric 
acid depends upon both the strength of the reducing agent and the concen- 
tration of the acid. 

The apparent valence of nitrogen in HNO3 is V"^, a fact that is in 

accord with the position of nitrogen in the periodic arrangement of the 

elements. Consequently, the use of nitric^ acid as an oxidizing agent 

v+ 

might be expected to result in the gain (by N ) of 1, 2, 3, 4, or 5 elec- 
trons, the latter resulting in the formation of elemental nitrogen. 
With this degree of reduction accomplished, the normal nitrogen atom 
having 5 electrons in its outermost orbit would tend to gain an addi- 
tional 1, 2, or 3 electrons. Hence, numerous states of oxidation (or 
reduction) of nitrogen may be realized through oxidation-reduction 
reactions involving nitric acid. The various common reduction prod- 
ucts are summarized in Table 28. In view of the considerable number 
of reduction products, it becomes necessary next to study in detail 
the conditions that permit the formation of these several compounds in 
which nitrogen exists in different states of oxidation. 

Influence of Strength of the Reducing Agent. Just as was 
done in connection with the study of reactions of concentrated sulfuric 


TABLE 28 

Reduction Pkoducts of Nitric Acid 




Reduction products 


Electrons 


gained by 

Apparent 
valence of N 



v+ 

N 

Examples 

v+ 

HN 03 1 

1 

2 

IV+ 

III+ 

Nitrogen dioxide (NO 2 ) 

Nitrous acid* (HNO,) 


3 

11 + 

Nitric oxide (NO) 


4 

I-f 

Nitrous oxide (N 2 O) 


5 

0 

Elemental nitrogen (N 2 ) 


6 

I- 

Hydroxylamine (NH 2 OH) 


7 

II- 

Hydrazine (N 2 H 4 ) 


8 

III- 

Ammonia (NH 3 ) 


* Or salU of this acid, e.g.^ sodium nitrite (NaNOa). 


acid, one may select three metals for use as reducing agents of markedly 

different strength. Thus, Cu, Pb, and Zn, may be chosen to represent 

weak, intermediate, and strong reducing agents, respectively. In 

their reactions with nitric acid, the extent to which each metal (reduc- 

v+ 

ing agent) will serve to reduce N depends upon the relative tendency 
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that the metal exhibits toward loss of electrons (see Table 26, Chap. 
XXIII). If, for example, concentrated nitric acid is reduced by copper, 
it is found that the weak reducing action of this metal is sufficient only 

V+ IV + 

to reduce N to N, with the resulting formation of nitrogen dioxide 
as shown by the following equations: 


(a) 

Cu“ 

~ 2e- 

-^Cu-^+ 

v+ 


IV+ 

( 6 ) 

2 N 

-f 2c- 

-^2N 



v+' 

IV+ 

(c) 

Cu" 

+ 2N 

Cu++ + 2N 

(d) 

Cu“ + 

2HNO 

, + 2H+NOr Cu++(IVi03)r -f 21^2 + 2 H 2 O 


If, on the otlicr liand, one should use lead as the redu(;ing agent, its 
greater effectiveness as an electron donor (reducing agent) permits 

V+ I1I+ 

reduction of N to N or, in other words, redu(^tion of HNO3 to HNOo, 
thus, 

(a) Pb" - 2 e~ 

v+ III+ 

_ N + 2 (>-- N 

-V 4 ~ “111 + 

(c) Pb'* -f' N -> Pb-'-^ -f- N 

(d) Pb« -f HNO, + 2 H+INJ 07 Pb++(NO,)^ + HNO^ + 

P'inally, the use of the strong reducing agent, zinc, is found to result in 

v+ n+ 

the reduction of HNO3 to NO (i.e., from N to N ), in accordance 
with the following equations: 


(a) 

3 Zn« - 6c- 

-> 3 Zn^ + 

v+ 

11+ 

(b) 

2 N + 6c- 

~^2N 


vT' 

11+ 

(c) 

3 Zn« -h 2N 

3 Zn++ -f 2N 

(d) 

3 Zn« + 2HNO 

3 4 - 6H+NOr 3 Zn++(N 03)7 + 2 lSrD + 4H2O 


From these examples, it is apparent that even the use of zinc for the 

reduction of concentrated nitric acid results in a reaction in which only 

v+ 

3 electrons are gained by N. Since it is assumed in this discussion 
that zinc typifies the strong reducing agents, it follows that more exten- 
sive reduction of nitric acid must be brought about, not by the use of 
stronger reducing agents, but rather by using something other than the 
concentrated acid. 

Influence of Concentration of the Acid. If one continues to 
use Cu, Pb, and Zn as examples of weak, intermediate, and strong 
reducing agents and investigates their reactions with dilute 
nitric acid, it is found that reduction in each ease will be correspond- 
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ingly greater than was realized in using the concentrated acid. Thus, 
copper and dilute nitric acid react to form nitric oxide, thus, 

(а) 3Cu0 _ 6^” -4 3Cu++ 

v+ 11 + 

(б) 2N -|- 6e” 2N 

__ 

(c) 3Cuo + 2IM -> 3Cu^+ *f 2N 

(d) 3Cu« + 2HNOa + 6H+NO^ -> 3 Cu^^(N 03 )r -f 2W5 -f- 4 H 2 O 


Perhaps this is the best possible example of the influence of concentra- 
tion. With dilute nitric acid, the weak reducing agent, Cu, produces 
the same extent of reduction as is realized when the strong rtxlucing 

agent, Zn, reacts with the concentrated acid. Hence, dilution of the 
v+ 

acid must render the N more readily capable of acting as an electron 
acceptor (oxidizing agent). Continuation of this trend is seen when 

one studies the interaction of lead and dilute nitric acid. When the 

v+ 

concentrated acid was employed, only 2 electrons w^ere gained by N 
whereas with the dilute acid, 4 electrons are gained in the reduction of 
HNO3 to N2O. 

(a) 4Pb« - 8^- 4Pb-^+ 

v+ 1+ 

(h) 2N + 8e- 2N 

"v+ 1+ 

(c) 4Pb<’ + 2N -+ 4Pb++ -f- 2N 

(d) 4W + 2HNOa + 8H+NOr -4 4Pb++(N03)2-' + 1^ -f 

Still more extensive reduction would be expected if one reduced dilute 
nitric acid by means of the strong reducing agent, zinc. As shown in 
Table 29, this prediction is realized since elemental nitrogen is found 
to be the reduction product. The summary provided by Table 29 
calls attention to the fact that still more extensive reduction results 
from the use of very dilute acid. Of the three products indicated, only 
the formation of ammonia is of sufficient importance to warrant further 

v+ 

comment. In this reaction, N is best used not in the form of nitric 
acid but rather as a salt such as NaNOs (in the presence of an excess 
of aqueous sodium hydroxide solution), from which the formation of 
ammonia occurs in accordance with the following equations: 

11+ 

(а) 4Zn® — 8e“” -4 4Zn . 

V+ III- 

( б ) N N 

(c) 4Zno -f N 4Zn -t- N 

(d) NaNOs + 3Na+OH~ 4- 2 HsO -4 4 Na+{HZn 02 )-' -f NHs 
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TABLE 29 

Vakiations in Products Obtained by the Reduction of Nitric Acid 


Concentration of 

i 

HNOa 

Reducing 

agent 

Electrons 1 
gained by 

V+ ! 

N 

Apparent 
valence of 
N in 
product 

Predonunant product 

Concentrated 

Cu 

1 

iv-i- 

N 

Nitrogen dioxide (NO 2 ) 


Pb 

2 i 

III-H 

N 

Nitrous acid (UNO 2 ) 


Zn 

3 

1 14 

N 

Nitric oxide (NO) 

Dilute 

Cu 

3 

11+ 

N 

Nitric oxide (NO) 


Pb 

4 

N 

Nitrous oxide (N 2 O) 


Zn 

5 

NO 

Nitrogen (N 2 ) 

Very dilute 

Cu 

! 6 

I- 

N 

II— 

Hydroxylamine (NH 2 OU) 


Pb 

7 

N 

Hydrazine (N 2 H 4 ) 


Zn 

8 

lU- 

N 

i 

Aininonia (NHs) 


v-f 

This case illustrates the reduction of N to its lowest state of oxidation, 

III- 

viz., N as exemplified by ammonia. 

Formation of Mixtures. Throughout the preceding discussion 
it has been implied (for purposes of simplification) that in each reaction 
involving concentrated sulfuric acid and nitric acid, a single reduction 
product is obtained. A little reflection, however, leads to the conclu- 
sion that this will occur only under very carefully controlled experi- 
mental conditions. Mixtures may be formed owing to (a) changes in 
the concentration of the acid or {h) the specific properties of the reduc- 
ing agent. Reference to Table 26 will show that there are numerou > 
metals between copper and lead. If, for example, concentrated nitric 
acid were reduced by cadmium, a mixture of nitrous acid and nitric 
acid would probably result. Similarly, mixtures might also be formed 
by the reduction of concentrated sulfuric acid by means of certain 
reducing agents. It should also be recognized that, particularly in the 
case of nitric acid, the usual practice involves addition of the reducing 
agent to an excess of the acid. In the subsequent oxidation-reduction 
reaction, the acid becomes progressively more dilute owing to utiliza- 
tion of some of the acid and dilution resulting from the formation of 
water as a product of the reaction. Hence, if one added zinc to con- 
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centrated nitric acid, the progressive dilution of the acid solution would 
result in the formation of reduction products other than nitric oxide. 
Of course, one might avoid these complications by adding the concen- 
trated acid to the zinc in an apparatus so designed that the metal is 
exposed only to the concentrated acid, but such experimental condi- 
tions are certainly not common to reactions of this type. 

In consequence of the facjtors indicated above, one should emphasize 
Ihe predominant reduction prodilct rather than the reduction product. 
In the great majority of cases in which several reduction products are 
possible, mixtures will usually result unless special precautions are 
exercised. 

24.5. Predictions Relative to the Occurrence of Oxidation- 
reduction Reactions 

Having seen that it is possible to predict whether rnetathetical 
reactions will occur and go essentially to completion, one is confronted 
by the question as to whether similar predictions are possible in the 
case of oxidation-reduction reactions. It is at once apparent that this 
problem is complicated by the facts (a) that one must have a means of 
deciding which of a number of possible products will actually be 
formed and (6) that tlu^ nature of the products often is inlluenced by 
changes in temperature, concentration, and relative strength of the 
oxidizing and reducing agents. 

One may make certain forecasts solely on the basis of information 
such as that given in Table 26, Chap. XVIII, but even so one must 
recognize that the data contained therein relate to only one tempera- 
ture and one concentration. For example, one would predict that, if 
iron metal is added to a 1 A/ solution of copper sulfate, copper would 
be displaced by iron owing to its greater tendency to lose electrons 
and exist in the ionic condition. 

(a) — 2e~ — ► Fe'^+ 

(b) Cu^-^ + 2€~ Cu” 

(c) Fe'^ -f -> Fe-*"^ CuO 

(d) Fe« 4- CU++SO7 -> Fe++SOr + 

Similarly, one would predict that iron would displace cadmium from a 
solution of a soluble cadmium salt, but at a slower rate, and that iron 
would not displace a metal having a greater tendency to lose electrons, 
e.g,, Mn"^ from Mn+’^SO“. Decisions as to what will occur in cases of 
this sort are of the same type and are made on the same basis as those 
involved in deciding which of two metals will act as the negative (or 
positive) terminal of a battery cell (Sec. 23.2). 
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It must be pointed out, however, that the data of Table 26 are 
quite limited in scope since only the metals are included. If a more 
elaborate scheme of prediction were to be used, it would be necessary 
to have far more extensive data tabulated similarly and including the 
nonmetals in their various states of oxidation, as well as much more 
extensive data relating to other oxidation states of the metals. Schemes 
of prediction based on data of this character have been devised and 
references thereto are given at the end of this chapter. 

24,6. Common Oxidizing and Reducing Agents 

Aside from the use of metals as reducing agents and the use of nitric 
and concentrated sulfuric acids as oxidizing agents, there are many 
common substances that are useful in oxidation-reduction chemistry. 
Many of these reactions are of importance in the various aspects of 
analytical chemistry. In Table 30, there are included numerous 
examples and in each case, the most common valence change is indi- 

VI4- 

cated. For example, Cr in K 2 Cr 207 may under suitable conditions be 

VI+ 

reduced to several lower states of oxidation, but the change from Cr to 
Cr+++ is that most commonly enciountered. 

TABLE 30 

Common Oxidizing Agents 


Oxidizing agents | Reduction products* 


Name 

Formula 

Name 

Formula 

Stannic chloride 

SnCL 

Stannous chloride' 

SnCL 

Hg-^CL 

Mn(N03)2 

Mn 02 

IVfereiiHc chloride 

HgCU 

KMnO, 

Mercurous chloride 

Potassium permanganate. . . . 

Manganous nitrate f 

Manganese dioxide J 

Ceric sulfate 

Ce(S 04 )j 

Fe2(S04), 

lA 2 Cr 207 

Na3As04 

Na2S406 

KGIO4 

Cerous sulfate 

Ce 2 ( 804)3 
FeS 04 

Ferric sulfate 

Ferrous sulfate 

Potassium dichromate 

Chromic chloride 

CrCL 

Sodium arsenate 

Sodium arsenite 

NasAsOs 

Na2S203 

KCIO 3 

Sodium tetrathionate 

Sodium thiosulfate 

Potassium perchlorate 

Potassium chlorate 

Sodium bismuthate 

NaBiOs 

Bismuth nitrate 

Bi(N 08 )s 


* A number of the reduction products listed are commonly useful as reducing agents, e.g., SnClt, 
CesCSOO*, FeSOi, Na 2 S 203 , etc. 

t From reaction in acidic solution, 
t From reaction in basic solution. 

Since, according to Table 30, mercuric chloride is an oxidizing 
agent and stannous chloride is a reducing agent, one would anticipate 
that the following reaction would occur; 
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(a) Sn'^+ — 2e~ 

11+ 1+ 

(h) 2Hg + 2e- -> 2Hg 

11+ 1+ 

(c) Sn++ + 2Hg -> Sn+-» ++ + 2Hg 

(d) Sn+^CI^ + 2HgCl2 -+ ^-^Clr + Hg^2 

In fact, this reaction is widely used in qualitative chemical analysis 
procedures that involve the subsequent reduction of mercurous chloride 
to elemental mercury by means of an additional quantity of stannous 
chloride. 


(«) 

Cfi 

1 

! 

1 


(b) 

2Hg + 2<>- - 
1 + 

Sn+* + 2Hg - 

+ 2Hg‘^ 

(c) 

+ + 2Hg" 

(d) 

Sn++Clf + Hg.Clj - 

->Sn++-^^Cl7 + 2Hg° 


Although, as indicated above, stannous chloride is most (‘ommonly 
used as a reducing agent, it should be recognized that in the presence of 
a still stronger reducing agent, SnCh would act as an oxidizing agent 
and could be reduced to elemental tin. 

Other oxidation-reduction reactions that have been found useful 
in chemical analysis include the oxidation of ferrous sulfate by potas- 
sium dichrornate, 

(a) 6Fe++ - 6e- 6Fe+++ 

VI + 

(h) 2Cr + 6e- -+ 2Cr+++ 

_ 

(c) 6Fe++ -F 2Cr -+ 6Fe" ++ + 2Cr+++ 

(d) 6 FeS 04 -f K 2 Cr 207 4- 7 H+S 07 -+ 3 FeJ++(S 04)7 + Cr+++(S 04)7 + K+SO 7 

+ 7 H 2 O 

the oxidation of hydrogen sulfide by means of potassium permanganate 
in acidic solutions, 

(a) 5S- - lOe- -+ 5S« 

V11+ 

(b) 2Mn +10e--+2Mn++ 

vn+ 

(c) 5S- + 2Mn -»5S''+2Mn++ 

(d) 5 H 2 S + 2 KMn 04 + 3HJSOr -► 5S» + 2Mn++SOr + KJSOr + 8 H 2 O 

and the oxidation of manganous nitrate to permanganic acid by the use 
of sodium bismuthate as the oxidizing agent, 

VI 1+ 

(a) 2Mn++ - lOe- -> 2Mn 
v+ 

(b) 5Bi + lOe- -► 5Bi+++ 

v+ vil+ 

(c) 2Mn++ + 5Bi 2Mn + 5Bi+++ 

(d) 2Mn(NO,)2 + 5NaBiO» 4- 16H+NOr -+ 2H+MnOr + 5Bi+++(NO,)r 

+ 5Na+NOr + 7H,0 
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Other reactions of this general type together with their applications 
will be encountered by the student of analytical chemistry. 

EXERCISES 

1. Of the two states of oxidation indicated in each of the following cases, which 
one represents the higher state of oxidation (/.c., the more highly oxidized form)P 

(a) S« or S- (d) Pb++ or Pb« 

IV+ 

(b) Cu« or Cu++ (e) Pb++ or Pb 

(c) 1? or 1- (/) or 

2. If each of the following compounds was to be oxidized by means of a suit- 

able oxidizing agent, (a) which element will most likely lose electrons and (b) what 
will be the final state of oxidation of that clement? 

(a) CU 2 CI 2 (d) NaS 

(b) KBr (e) As^O, 

(c) PbO (/) ZnCh 

3. Essentially what is implied when one states that two reducing agents are of 
dilferent strengths?^ 

4. When s(xiium iodide is added to an excess of concentrated sulfuric acid, 
elemental iodine and hydrogen sulfide gas are produced. Write (in steps) the 
equation for this reaction. 

5. Gaseous sulfur dioxide is liberated by the interaction of ferrous sulfate and 
concentrated sulfuric acid. Write (in steps) the corresponding equations. 

6. On the assumption that all of the combined sulfur involved is changed to 
elemental sulfur, write (in steps) the equation for the reaction between H 2 S and 
concentrated bl 2 S 04 . 

7. Compare the oxidizing action of nitric acid with that of concentrated sul- 
furic acid. 

8. On the basis of the information contained in Tables 26 and 29, what reduc- 
tion product would predominate if dilute nitric acid were to react with metallic 
bismuth? 

9. Write (in steps) the equation for the reaction between zinc and dilute nitric 

acid. 

10. By means of a suitable diagram, suggest an apparatus in which concentrated 
nitric acid could be reduced by zinc under such conditions that only nitric oxide 
will be formed as the reduction product. 

11. What factors tend to complicate the problem of prediction with regard to 
the products of many oxidation-reduction reactions? 

12. If separate portions of a 1 M solution of nickel chloride are treated with 
bismuth, tin, chromium, and aluminum metals, (a) predict whether reaction will 
occur in each case and (6), if reaction is predicted, write (in steps) the equations 
for these reactions. 

13. The reduction of iodine by sodium thiosulfate results in the formation of 
sodium tetrathionate (Na 2 S 40 G). Write (in steps) the equation for this reaction. 

14. If copper sulfide is treated with warm dilute nitric acid, the CuS is dissolved 
and S° and gaseous NO are produced. Write (in steps) an equation to represent 
this change. 
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15. Write (in steps) an equation showing the forntation of sodium thiosulfate 
by the interaction of sodium sulfite solution and elemental sulfur. 
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CHAPTER XXV 

METALS AND ALLOYS 


Although no definite line of demarkation can be drawn between the 
metallic and the nonmetallic elementc (Sec. 13.3), approximately 
three-fourths of the known chemical elements are usually considered 
to be predominantly metallic in character. The objective of the 
present discussion is the consideration of certain chemical and physical 
properties of the metals from the viewpoint of their constituting a class 
of elements all of which possess certain characteristics in common. 
Wholly aside from the fact that metals are far more numerous than 
nonrnetals, the many and varied industrial uses of metals imply the 
importance of an understanding of the properties of the metallic state. 
Such knowledge has been largely responsible for the development of 
those industrial applications which have contributed so much to the 
progress of modern industry. 

25.1. Occurrence of Metals 

The availability of an element (whether metallic or nonmetallic) 
depends upon both its abundance and its mode of existence in nature. 
Of two metals on or near the earth’s surface one may be far more abun- 
dant than the other and yet be far less accessible for the reason that it 
does not occur in high concentration at any one or more places. In 
other words, a very abundant element may be relatively inaccessible 
because it is fairly uniformly distributed throughout the earth’s sur- 
face. On the other hand, a metal that exists on the earth only to a 
limited extent may be readily available because the existing supplies 
are found in rich deposits consisting principally of that metal or one or 
more of its compounds. These ideas are strikingly illustrated by the 
comparison of the history of magnesium and lead. Although more 
than one thousand times more abundant than lead, the extensive com- 
mercial utilization of magnesium is a relatively modern development 
whereas lead was known and used by the Babylonians and the Romans. 

Early use of lead, as well as metals such as tin, copper, silver, gold, 
or mercury, was also possible by virtue of the fact that these metals 
exist in nature either in the uncombined condition or in forms of chemi- 
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cal combination from which these metals may be secured by relatively 
simple procedures. 

Regardless of their chemical character, the various forms in which 
both nonmetals and metals occur in nature are usually called minerals, 
A mineral that is of such a character that it serves as an economical 
source for the commercial production of a metal or a nonmetal is 
referred to as an ore. 

Native Metals. Only a relatively small number of the metals 
are capable of existence in nature in the uncombined condition, e.g., 
copper, silver, gold, antimony, bismuth, and platinum. These 
so-called noble metals are those which exhibit such low degrees of 
chemical activity that they can exist in nat ure without entering into 
chemical combinations resulting from reactions with water, atmospheric 
oxygen, or carbon dioxide. 

Types of Ores. In addition to the native metals, which are rela- 
tively unimportant, a wide variety of minerals is found in nature, and 
these minerals provide the chief ores from which the various metals 
are extracted commercially. Although these ores encompass many 
different types of chemical compounds, the great majority of the more 
important ores of the metals are notable for their chemical simplicity, 
as is shown by the following. 

1 . Sulfides. The simple or (less frequently) complex sulfides of a 
number of heavy metals are employed extensively as sources of these 
metals. For example, the minerals^ chakocile (CU2S), chalcopyrite 
(CuFeS2), cinnabar (HgS), galena (PbS), sphalerite (ZnS) are typical 
of the useful sulfide ores of heavy metals. 

2 . Oxides. The minerals hematite (Fe203), bauxite (AI2O3 H2O and 
A1203-2H20), cassiterite (SnOa), pyrolusite (Mn 02 ), and franklinite 
(Zn0*Fe203) serve as examples of common oxide ores. Because of 
their importance as sources of iron and aluminum, oxide ores are per- 
haps of greater importance than any other single type. 

3 . Carbonates. Among many carbonate minerals that provide 
the corresponding metals, the basic carbonate malachite [Cu2(0H)2C03] 
and the normal (carbonates siderite (FeCOs), cerussite (PbCOa), 
strontianite (SrCOs), and dolomite (CaCOs MgCOs) are representative 
ores. 

^ The names assigned to minerals have little, if any, significance. These 
names are not systematic and provide no indication of the chemical character of 
the substan(}es involved. However, since these trivial names are in common use, 
it is best that the student become familiar with both the mineral names and the 
corresponding chemical names. Thus, both the names cuprous sulfide and chalco- 
cUe should be associated with the formula CuaS. 
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4. Other Types. Without going into details regarding each typ(‘ 
of compound, the minerals listed in Table 31 show the wide variety 


TABLE 31 

SoMK Common Minerals Other Than Sulfides, Oxides, and Carboinates 


T ype of 
oontpouiid 

Mineral 

name 

Formula 

Chemical name 

Hnlogeuides 

Rock salt 

NaCl 

Sodium chloride 


Carnallite 

KCl MgCl2-6H,0 

Potassium magnesium 
chloride hexahydrate 


Sylvite 

KCl 

Potassium chloride 


Horn silver 

AgCl 

Silver chloride 

Sidfales 

Epsoinite 

I 

MgS()4*7H20* 

Magnesium sulfate ht^pta- 
hydratc 


1 Barite 

BuS 04 

Barium sulfate 


Gypsiini 

CaS 04 * 2 H 20 

Calcium sulfate dihydrafe 


Anglesite 

Pl)S04 

Lead sulfate 

vSilicates. 

Willeriiite 

Zn2Si04 

Zinc orthosilicate 


Asbestos 

CaMg3Si40i2 

Calcium magnesium sili- 
cate 


Mica 

IVAI 3 H 2 S 13 O 12 

Potassium aluminum hy- 
drogen silicate 


Beryl 

BcaARSicOis 

Beryllium aluminum sili- 
cate 

Miscellaneous . , . 

Wolfram 

FeW04 

Ferrous tungstate 


Chalcolite 

Cu(U02)(P04)2*8H20 

Copper uranyl {)}iosphate 
octahydrate 


Chromite 

Fe(Cr02)2 

Ferrous chromite 


Crocoite 

PbCr 04 

lA^ad chromate 


* In the pure of^ndition, this comi)ound is known as Epsom salf. 


of types of compounds that is known and used. This tabulation is 
intended to be illustrative rather than exhaustive. 

25.2. Extraction of Metals from Their Ores 

The science of meiallurgy is concerned with the extraction of metals 
from their ores and with the subsequent purification of the metals. 
Since metals exist in nature in such a wide variety of types of chemical 
combination, it is apparent that many different kinds of chemical 
treatment may be required. Other factors that complicate the sub- 
ject of metallurgy are the varying degrees of chemical activity exhib- 
ited by the metals and the fact that both rich and low-grade ores must 
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be used. Although it is somewhat difficult to generalize with respect 
to a problem involving so many variables, it is convenient to consider 
the subject of metallurgy as involving a number of fairly well-defined 
steps. 

Concentration Processes. On the assumption that the ore has 
been mined and is available for processing, the first problem to be faced 
is that of eliminating undesirable components of the natural ore. 
Most ores contain a certain amount of rock or other earthy materials 
that do not contain any of the desired metal, and this condition is 
particularly prevalent among low-grade ores which contain only a 
small percentage of the desired metal. The method used in concen- 
trating the ore depends upon the character of the naturally occurring 
material. If the density of the desired component is greater than that 
of the worthless impurities, the latter often may be removed merely by 
stirring the finely powdered crude ore with wate?r, thus washing away 
the lighter fractions and leaving behind a concemtrate containing the 
metal sought. A few minerals are magnetic, and advantage is some- 
times taken of this property in efiecting a gross separation from non- 
magnetic impurities. Most commonly, however, ores are concentrated 
by the process of flotaiion. This process, which is most frequently 
employed in the concentration of sulfide ores, involves agitation (by 
a stream of air) of the finely ground ore with water to which pine oil, 
“cresylic acids,’' or other organic materials have been added. The 
sulfides are carried to the surface by adherence to the resulting froth 
while sand particles and other heavy materials settle to the bottom. 
Removal of the material thus brought to the surface followed by 
removal of adhering water provides a concentrate much richer in the 
desired metal than the original crude ore. For example, crude low- 
grade copper ores containing as little as 0.6 per cent Cu are subjected 
to concentration by flotation and the resulting concentrate (after one 
flotation) contains as much as 20 per cent Cu. As the richer ore 
deposits become exhausted, it will become increasingly necessary to 
resort to the concentration of low-grade ores by flotation or by other 
suitable procedures. 

Roasting. The process of roasting consists in heating the finely 
powdered ore (either a concentrate or the crude high-grade ore) in the 
presence of air. This treatment may serve one of three purposes 
depending upon the nature of the ore: (a) Sulfides are converted to the 
oxide of the metal and sulfur dioxide by reaction with atmospheric 
oxygen, 


2MS + 3X5z 2MO + 25 D 2 
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(6) Carbonates are converted to oxides with liberation of carbon 
dioxide, 

MCOg — > MO -f~ 'CO2 

(c) Water, including that held in chemical combination, is removed 
when the ore is heated. 

Smelting, After an ore has been subjected to an appropriate 
treatment as outlined above or, as is sometimes possible, without any 
pretreatrnent, the ore is subjected to a process known as smelling. It 
is in this procedure that the metal is actually obtained in the elemental 
condition. Although the details differ considerably among the many 
metallurgical processes in everyday use, the over-all characteristics 
usually conform to one of the following general methods: 

] . Electrolytic Reduction, Although perhaps not properly classified 
as a smelting process, the production of metals by electrolysis may be 
included at this juncture. In connection with earlier discussions of 
industrial electro(^liemical processes (Chap. XXI) examples have been 
given of the production of active metals by the electrolysis of cither 
fused salts or aqueous solutions. 

2. Reduction by Carbon, Naturally occurring oxide ores or those 
produ(‘.ed by the roasting process are frequently reduced by carbon at 
elevated temperatures. Depending largely upon the temperature 
employed, an oxide such as the dioxide of germanium may be reduced 
with direct formation of the metal and carbon dioxide. 

Ge02 “f" 2C -{- lieal — > Ge -f* 2C0 
GeOa + 2'CU + heat ^ Ge -f 2C62 

In general, reduction by carbon is not suited to the production of 
metals of a high degree of purity, since the reduced metal usually con- 
tains carbon as an impurity. 

3. Reduction by Active Metals, As has already been indicated (Sec. 
21.1), the active metal aluminum was first produced by the reduction 
of anhydrous aluminum chloride by the more active metal potassium. 

AICI3 -h3K-^AI +3KCI 

However, the most commonly useful application of reduction by active 
metals is illustrated by the Goldschmidt process which involves the 
high-temperature reduction of oxides or sulfides by active metals such as 
aluminum or magnesium. This method is used in the case of ores that 
are difficult to reduce, e,g,, the oxides of manganese and chromium. In 
the reduction of manganese dioxide an intimate mixture of powdered 
Mn02 and powdered A1 is placed in a clay crucible which is then 
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embedded in sand (Fig. 112). Into a depression at the top of the charge 
is placed an ignition mixture consisting of powdered magnesium and 
either sodium peroxide, barium peroxide, or potassium (;hlorat(i into 
which extends a piece of magnesium ribbon. When the magnesium 
ribbon is ignited, the heat thereby generated is sufficient to initiate the 



Fig. 112. — Reduction of manganese dioxide by means of aluminum. 

combustion of the ignition mixture, and this in turn initiates the 
strongly exothermal reaction in the charge proper. 

3Mn02 ~f" 4AI — > 3Mn -j~ 2Al20;{ -|- heat 

Reactions of this type are so strongly exothcirmal that the metal is 
melted and settles to the bottom of the crucible while the aluminum 
oxide floats on top of the melt. Goldschmidt reduction is particularly 



Fig. 113. — The welding of steel rails by the thermite process. 


useful when one wishes to prepare metals free from carbon, but it is a 
relatively expensive method. 

The common practice of thermite welding is another application of 
the Goldschmidt process. Iron rails are often welded together by this 
procedure, as shown in Fig. 113. The ends to be welded together are 
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surrounded by a packing of sand and clay. Molten iron is produced 
by the reaction, 

Fe 203 + 2AI 2Fe -h AI2O3 + heat 

and flows through a small opening in the bottom of the crucible and 
into the space between the ends of the two rails. The temperatures 
produced by these reactions are often as high as 3500°C. 

25.3. Refining Operations 

When metals are produced by any of the foregoing procedures or by 
other methods, tlie extent to which they must be subjected to purifica- 
tion processes depends upon the applications intended. For many 
purposes, the crude metals containing appreciable quantities of impuri- 
ties may be employed; for other applications, extensive refining may 
be necessary. Since this problem involves so many variables, it seems 
sufficient merely to indicate the general character of the refining 
processes most commonly utilized. Purification by electrolysis has 
already been discussed (Sec. 22.2), and this is unquestionably one of 
the most important and useful methods. Some metals, notably iron 
and lead, may be purified by oxidation of the impurities by gaseous 
oxygen (from air) followed by the removal of the oxidized impurities. 
Still other metals, such as mercury and zinc, are sufficiently volatile 
that they may be purified by distillation. 

25.4. Physical Properties of Metals 

Although the metallic elements exhibit many dilferences in physical 
characteristics, the class as a whole is characterized by certain fairly 
well-defined properties. All metals are similar in that they are (a) 
conductors of electricity, (b) conductors of heat, (c) opaque to light, 
and (gQ reflectors of light. This latter property is usually described 
by stating that metals exhibit a metallic luster, which is silvery in 
appearance in all cases except copper and gold. Aside from these 
properties, metals exhibit a wide range of densities, from the extremely 
dense ones such as lead and gold, to the relatively light alkali metals, 
beryllium, aluminum, etc. All the metals except mercury (a liquid) 
are solids at ordinary temperatures and exhibit considerable variation 
in hardness. Thus, although most metals are rather hard substances, 
some metals, e.g., sodium, lead, etc., are so soft that they may be cut 
by an ordinary knife. Most of the metals possess the property of 
malleability, i.e., they are capable of being rolled or hammered into 
thin sheets, and the property of ductility^ i.e., they are capable of being 
drawn into wires. 
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It must be recognized that, in general, the physical properties of any 
metal are dependent upon (a) the crystalline structure of the metal, 
(b) the presence of impurities, and (c) the mode of production and the 
mechanical treatment to which the metal may have been subjected. 

25. 5, Chemical Properties of Metals 

At this point, the student should recall and review numerous impor- 
tant items of information concerning the chemical properties of the 
metals. Thus, topics that have been considered previously include 
the relative activity of metals (S(?cs. 8.2 and 23.3), union of metals with 
oxygen (Sec. 4.3), reactions between metals and acids, water, and 
bases (Sec. 8.1), base-forming properties (Sec. 13.5), behavior as 
reducing agents (Sec. 24.2), etc. 

The atoms of the metals in general tend to lose electrons and form 
positive ions. For this reason, the metals are said to be electropositive, 
and the most electropositive metals are those whose atoms possess a 
small number of electrons in the outermost orbit (one or two e~) and 
hence those which can lose these electrons most readily. With respect 
to base-forming properties, the strongest bases are formed by the most 
electropositive metals. Although the metals do exhibit a predominant 
tendency toward the formation of ionic compounds, metals may also 
form covalent compounds. This tendency is most prevalent among 
metals whose atoms contain three or more electrons in the outermost 
orbit and among the metalloids. 

Oxides of the Metals. Although each metal usually combines 
with oxygen to form an oxide having a composition in conformity with 
the type formula for the particular periodic group involved (Sec. 13.5), 
it is generally true that a metal will form oxides of other types as well. 
For those metallic elements which are capable of existence in various 
states of oxidation, corresponding oxides may be formed, e.gf., CU2O and 
CuO, PbO and Pb02, MnO, Mn203, Mn02, Mn304, Mn207, etc. Oxides 
such as Fe304 and Mn304 may be looked upon as double oxides in which 
the valence of the metals becomes more apparent when the formulas are 
written Fe0*Fe203 and Mn0 Mn203, respectively. Corresponding to 
hydrogen peroxide (H2O2), which has long been used as an antiseptic, 
some of the metals also form peroxides, of which perhaps the most com- 
mon are sodium peroxide (Na202) and barium peroxide (Ba02). 
These oxides are characterized by the presence of an oxygen-to-oxygen 
bond, as shown by the graphic formulas: 

O 

H-O-O-H; Na-O-O-Na; Ba * 

0 
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and by the fact that they react with sulfuric acid with formation of 
hydrogen peroxide, i.e., 

Bei02 4" H^S07 — * BaS04 H 2 O 2 

Some oxides having formulas of the type MO 2 are sometimes errone- 
ously called peroxides, e.g., Pb02 and MnOi. Since these oxides do not 
possess the properties of true peroxides, it is better simply to designate 
these as dioxides. 

Hydrides of the Metals. Combination of metals with liydrogen 
occurs much less readily than union with oxygen and often leads to 
products of indefinite and variable composition. Some of the hydrides 
of the metals are covalent, others are ionic or saltlike in character, 
while some of the heavier metals appear to absorb, adsorb, or form 
alloys with hydrogen. In general, the metals exhibit much greater 
regularity in their behavior toward oxygen than toward hydrogen. 

25.6. Alloys 

Products obtained by melting two or more metals together and 
allowing the resulting mixture to cool and solidify are called alloys. 
By far the great majority of the metallic objects encountered in every- 
day use consists of alloys rather than pure metals. In fact, iron and 
aluminum are the only metals used extensively in relatively pure form. 
Some of the more common alloys such as bronze have been known since 
antiquity and have contributed markedly to the development of 
modern civilization. Since alloys are of greater practical importance 
than pure metals, the student should acquire at least some familiarity 
with the nature, properties, and uses of alloys. 

Nature of Alloys. In view of the fact that alloys are mixtures 
(Sec. 1.11), it follows that they may be made up of any desired num- 
ber of metals and may have any desired composition. For sake of 
simplicity, the present discussion will be limited largely to the con- 
sideration of alloys consisting of two metals, i,e,, binary alloys. As a 
result of extensive study, it has been found that when two metals are 
melted together and the melt is allowed to cool and solidify, the result- 
ing solid will consist of one (or any combination) of the following: (a) 
mixtures of the pure crystals of the two component metals, (6) solid 
solutions, or (c) intermetallic compounds. In any event, the character 
of the solid alloy is dependent upon the specific properties of the metals 
concerned and upon the proportions in which they were mixed. 

The formation of mixed crystals results from limited solubility or 
insolubility of the one solid metal in the other. Lead and tin, and lead 
and antimony are examples of pairs of metals that form alloys consist- 
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ing of intimate mixtures of tiny pure crystals of each of the metals. 
The formation of solid solutions results from the fact that the liquid 
metals may be miscible in all proportions and capable of solidification 
to solids liaving compositions essentially the same as tliose of the melts. 
Many of the most common and useful alloys consist of homogeneous 
solid solutions of one metal in the other, e.r/., alloys of copper and zinc, 
gold and silver, nickel and chromium, copper and nickel, etc. luler- 
metallic compound formation occurs in many cases and leads to alloys 
that are usually too hard and brittle to be of much practical value. 
However, these very properties may be utilized to advantage in the 
manufacture of bearing metals, etc., where resistance to abrasion is 
desired. Typical formulas for intermetallic compounds, CusSn, AuMg, 
NaCd 2 , MruSn, Ca 3 Mg 4 , AgsBi, etc., show that these compounds often 
have compositions dilTerent from those to be expected on the basis of 
the normal valences of the metals involved. 

The Eutectic. The manner in which the properties of one metal 
are influenced by the presence of another metal and an understanding 
of what happens when a solution of one metal in another is allowed 
to solidify can be understood best by the consideration of a specific* 
example. Pure lead melts at 327°C., and pure antimony melts at 
631°C. If a little antimony is dissolved in a large quantity of lead 
and the resulting solution is cooled slowly, the crystals that appear 
first consist of pure lead. However, the freezing temperature of the 
lead that crystallizes from the melt is below 327°C. Similarly, the 
crystals of pure antimony that separate from a solution of a small 
quantity of lead in a large quantity of antimony will be found to 
appear at a temperature below 631°. Thus, each metal lowers the 
freezing temperature of the other, and it would seem that, for any pair 
of metals, there will be some particular composition that will exhibit 
a minimum freezing temperature, since the extent of lowering the freez- 
ing temperature (analogous to the influence of solutes upon the freezing 
temperature of water) depends upon the quantity of the second metal 
added. The relationship between composition and freezing tempera- 
ture is shown graphically by Fig. 114. B represents the melting 
temperature (freezing temperature) of pure antimony, and the curve 
BE shows the manner in which the melting temperature of antimony 
is lowered as the percentage of lead is progressively increased. Simi- 
larly, A represents the melting temperature of pure lead, and the curve 
AE describes the extent to which difierent percentages of added anti- 
mony lower the melting temperature of lead. The point of intersec- 
tion of the two curves (at E) represents the lowest melting mixture of 
lead and antimony that can be realized. That is, no matter how 
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many different liquid mixtures of lead and antimony one might prepare, 
none could be found to have a freezing temperature lower than that 
represented at E. This is known as the eutectic of the lead and anti- 
mony and corresponds to a composition of approxinmtely 90 per cent 
of lead and 10 per cent of antimony. The composition of the eutectic 
is referred to as the eutectic composition,- and the melting temperature 
of the eutectic (in this case, 247°) is called the eutectic temperature. 

If a mixture consisting of 50 per cent of lead and 50 per cent of anti- 
mony is melted at 650° (t.e., above the melting temperature of anti- 
mony) and the resulting melt is allowed to cool slowly, the first solid 
will appear when the temperature reaches 500° {i.e., the temperature 



Fig. 114. The relationship between melting temperature and composition of 

antimony -lead alloys. 

corresponding to point C on tlie curve BE). Tliese first crystals will 
consist of pure antimony and, since antimony is thereby removed from 
solution, the solution becomes increasingly ricJier in lead and the tem- 
perature of solidification is progressively lowered along the curve CE 
until the eutectic temperature (247°C.) is reached. At this tempera- 
ture, crystals of botli lead and antimony separate from the solution, 
and the composition of the mixture of the two kinds of crystals is the 
same as that of the liquid, viz., the eutectic composition. Once the 
eutectic temperature is reached, crystallization continues to complete 
solidification of the mixture without any further change in composition. 

As is true in most cases, the eutectic of lead and antimony consists 
of a homogeneous mixture of the crystals of the two metals. This uni- 
form fine texture of the eutectic and its low melting temperature render 
the eutectic composition particularly useful for many purposes. 
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Although other compositions are commonly used, it is generally true 
that the best alloys are those having either exactly or very nearly the 
composition of the corresponding eutectics. 

25.7. Properties and Uses of Alloys 

At first glance, it might be assumed that the properties of an alloy 
formed from two metals would be intermediate between the properties 
of the cornpoiicM metals. Such is not the case. In general, the prop- 
erties of an alloy are quite different from those of either of tlie com- 
ponent metals. It has already been shown (Fig. Il l) that the melting 
temperature of an alloy consisting principally of antimony, but con- 
taining some lead, is less than that of pure antimony. On tlie other 
hand, the melting temperature of an alloy may be higher (or lower) 
than that of either component. It is generally true that alloys are 
harder and poorer conductors of electricity than the pure component 
metals. When very small amounts of arsenic are alloyed with copper, 
the electrical conductivity of the copper may be lowered as much as 50 
per cent. 

It is commonly found that alloys are much more resistant to cor- 
rosion (Sec. 27.8) than pure metals. It is largely for this reason that 
alloys are so widely used in the construction of industrial chemical 
equipment that must be used in contact with corrosive chemicals. 
The colors of alloys may not usually be predicted from a knowledge 
of the colors of the constituent metals. Thus, 5-cent coins are made of 
copper and nickel and yet are devoid of the color characteristic of cop- 
per. Certain alloys of silver and gold are green in color while a certain 
alloy of beryllium and copper exhibits the characteristic yellow color 
of gold. 

In view of the foregoing facts, it is evident that alloys possessing an 
almost unlimited variety of properties may be formed. Vast indus- 
tries concerned almost entirely with the fabrication of alloys have 
been developed throughout the world. By experiment, alloys “tai- 
lored” to fit almost any need are produced and accomplishments 
recorded thus far represent only a beginning. With hitherto little- 
known metals becoming more available as a result of improved 
methods of production, rapid advancement in our knowledge of and 
uses for alloys is to be anticipated. 

The compositions of a few common alloys are listed in Table 32, 
together with an indication of the outstanding property of each, as 
well as one or more common uses. Since alloys of iron are to be dis- 
cussed later (Sec. 27.7), these are not included. A much more exten- 
sive tabulation of alloy composition is given in the Appendix. 
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TA.BLE 32 
Common Alloys 


Name 

Percentage 

composition* 

Properties 

Uses 

Brass 

Cu (7.V66); Zn (27- 
34) 

Malleable and ductile 

Sheets, tubes, wires, 
etc. 

Shot metal 

Pb(99);As(l) 

Harder than Pb yet 
readily fusible 

Bullets and shot (cast 
and molded) 

Solder 

Pb (67); Sn (33) 

Low melting 

Plumbing 

Magnalium . . . 

A1 (95-70); Mg (5- 
30) 

Light 

Scientific instru- 
ments 

Monel metal . . 

Ni (68); Cu (28); Fe 
(1-9) 

Resistant to corro- 
sion; easily ma- 
chined and readily 
polished 

Pump cylinders 
valves, j)istori rods, 
etc. 

Type metal . . . 

Pb (60-56); Sn (10- 
40); Sb (4.5-30) 

Low melting; exjiands 
upon solidification 

Cast type 

Babbitt metal . 

Sn (89);Sb (7.3); Cu 
(3.7) 

Hard; readily pol- 
ished 

Bearings 

German silver. 

Cu (55); Zn (25) Ni 
(20) 

Hard; readily pol- 
ished 

Substitute for silver 

Duralumin .... 

A1 (90); Cu (4); Mg 
(.5); Mn (5.5) 

Light; high tensile 
strength 

Airplane and auto- 
mobile parts, etc. 


* It should not be assumed that the composition of commercial alloys will correspond necessarily 
to the percentages indicated or that other metals may not be present in small amounts. For exam- 
ple, the properties of brass differ with variation in tfm copi)er-zinc ratio. Similarly, the proi>erties 
of a commercial brass are often profoundly changed by the presence of small quantities of other 
metals. Since alloys are usually fabricated from metals that have not been subjected to elaborate 
purification processes, the resulting alloys are frequently contaminated with metals present in the 
ores of the metals primarily concerned. 


EXERCISES 

1. Distinguish between (a) a mineral and an ore, (Jb) the abundance of an ele- 
ment and its availability, (o) peroxides and dioxides. 

2. Define the following terms: (a) native metal, (b) metallurgy, (c) flotation, 
(d) roasting, (e) smelting, (/) malleability, (</) ductility, (A) hydride, (i) alloy, 
(j) eutectic temperature, (A) eutectic composition, (/) eutectic. 

3. What types of compounds are most commonly present in the ores of the 
metals ? 

4. Should petroleum be classed as a mineral? Why? 

5. Into what four steps may metallurgy be divided? 

6. What methods are commonly used in the process of smelting? Illustrate 
each by means of a suitable equation. 

7. What is the Goldschmidt process? Illustrate this process by an appro- 
priate equation. 

8. Summarize (a) the physical properties and (b) the chemical properties of 
the metals. 

9. What is implied when an element is said to be electropositive? 
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10. By what chemical means may one determine whether a given oxide is a I r(]i- 
peroxide ? 

11. With reference to Fig. 114, assume that a mixture consisting of 95 per cent 
lead and 5 per cent antimony is melted at a temperature of 750°G. Trace th(‘ 
behavior of this mixture as the temperature is lowered slowly to room teinperatur(\ 

12. In general, what types of behavior may be anticipated when two or mor(* 
metals are melted together? 

13. Indicate clearly the manner and extent of influence exerted by changes in 
composition (including presence of impurities) upon the properties of alloys. 

14. Why are alloys more commonly useful than pure metals? 

15. What advantages are involved in the use of alloys having compositions 
corresponding to their eutectics? 
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CHAPTER XXVI 

HEAVY METALS 


Although the various phases of metallurgical operations may be 
considered in general terms, a true appreciation of the nature of the 
many problems involved can be had only as the result of the study of 
specific cases. Consequently, there will be undertaken next a study of 
the metallurgy of the so-called heavy metals and a consideration 
of related topics. The metallurgy of the light metals has already been 
discussed (Sec. 22 . 1 ), and the metallurgy of iron will be taken up in 
Chap. XXVII. 

26 . 1 . Copper 

This metal has been used by man for more than five thousand years 
and, at present, ranks as one of the most useful heavy metals. Of 
approximately 2 million tons of copper produced each year, the 
United States provides 3 ^^ million tons. 

Occurrence. Small amounts of “ native” copper are found in the 
Lake Superior region and elsewhere in this country. The principal 
source of this metal, however, consists of compound ores found in 
Montana, Utah, Arizona, and New Mexico. Of a rather wide variety 
of copper-bearing minerals, the most important are chalcopyrite 
(CuFeS2), chakocile (CU2S), malachite [Cu2(0H)2C03], and borniie 
(CusFeSa), Most other countries produce important quantities of 
copper, with Chile being potentially one of the chief sources. 

Metallurgy. The metallurgy of copper is notable for its sim- 
plicity. This fact and the widespread occurrence of native copper are 
undoubtedly responsible for the early use of this metal. Low-grade 
copper ores are concentrated by flotation, and the resulting concen- 
trates (or the better grade ores) are roasted in order to accomplish a 
partial conversion of sulfides and a complete conversion of carbonates 
to oxides. During this treatment arsenic, present as an impurity, is 
volatilized as arsenious oxide (AS2O3). The roasted ore, which con- 
tains some iron sulfide as an impurity, is then heated with a suitable 
flux (sand or limestone) in a blast furnace. During this treatment the 
sulfides of copper and iron are melted and a slag containing the gross 
impurities separates and is removed. The molten mixture of sulfides 
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of iron and copper (known as copper matte) is transferred to a special 
type of Bessemer converter (Sec. 27.5), more sand is added, and a blast 
of air is passed through the resulting mixture. This treatment con- 
verts sulfides partly to oxides, and the iron oxide so formed reacts 
with the sand to form a slag consisting principally of ferrous silicate. 
The cuprous oxide reacts with unchanged cuprous sulfide to form 
molten elemental copper. 

Cu^S -j" 2 CU 2 O — > 6Cu SO 2 

The slag of ferrous silicate floats on top of the molten copper and is 
poured off, while the molten copper is poured into molds and allowed 
to cool. This product is known as blister copper and ordinarily con- 
tains about 2 per cent of impurities among which are several noble 
metals (Sec. 22.2). Since greater purity is usually required, the 
blister copper is refined by electrolysis (Sec. 22.2) to provide substan- 
tially pure metallic copper. The pure metal has a reddish color, is 
soft, malleable, ductile, and a good conductor of heat and electricity. 
It melts at 1083°C., and at room temperature has an absolute density 
of 8.95. 

Uses. The single largest use for pure copper lies in the fabrication 
of wires and cables for conductors of electricity. Minor and yet 
important uses include the manufacture of electrical instruments, 
roofing, coverings for the bottoms of ships, etc. Second only to the 
production of wires and cables, the manufacture of alloys accounts for 
the utilization of large quantities of copper, e.gr., the various types of 
brasses, bronzes, coins, etc. (see Appendix). For many years, domes- 
tic 5-cent coins have consisted of an alloy of copper (75 per cent) and 
nickel (25 per cent). However, in order to conserve supplies of both 
of these important metals, the government in 1942 authorized the 
issuance of “nickel” coins containing silver (35 per cent), copper (56 
per cent), and manganese (9 per cent), ue., much less copper and no 
nickel at all. In recent years, alloys of copper and beryllium have been 


TABLE 33 

Important Compounds of Copper 


Name 

Formula 

Uses 

Basic copper acetate 

CU2(0H)2(C2H302)2 

CU4(A803)2(C2H302)2 

CuO 

CuS04-5H20 

Paint pigment 

Insecticide 

Oxidizing agent 
Insecticide, medicinal, 
battery cells, etc. 

Paris green 

Cupric oxide 

Copper sulfate pentahydrate 
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found to have many useful properties hardness, resistance to cor- 
rosion, resistance to “fatigue,” etc.), and it seems probable that these 
alloys will become increasingly important among the many known 
alloys of copper. In addition to the uses for metallic copper, this 
metal is also used to form many compounds, some of which are of con- 
siderable importance commercially. Examples of copper compounds 
and their uses are given in Table 33. 

26.2. Mercury 

The chemical inactivity of mercury, its high density, and the fact 
that this metal is a liquid at ordinary temperatures render it uniquely 
useful for many purposes in laboratory work in the various sciences. 
Mercury has been in use since the Middle Ages. 

Occurrence. Although small quantities of elemental mercury are 
found in nature, the mineral cinnabar (HgS) constitutes the chief 
source of this important metal. The richest known deposits of cinna- 
bar are located in Spain and Italy, and these countries have for many 
years produced the bulk of the world’s supply of mercury. Less exten- 
sive deposits of cinnabar are found in California, Texas, Oregon, 
Mexico, Peru, Japan, and China. 

Metallurgy. Owing to the instability of mercuric sulfide and 
mercuric oxide, the metallurgy of mercury is relatively simple. Low- 
grade ores that have been concentrated by flotation or high-grade 
ores may be treated in one of two ways. The simplest procedure 
involves the roasting of the sulfide to produce mercury vapor and 
sulfur dioxide. 

HgS + O 2 — Hg + SO 2 

The mercury vapor is condensed to liquid mercury, and the sulfur 
dioxide escapes as a gas. Mercuric oxide is not formed since it is 
unstable at the temperatures employed in the roasting process. 

An alternative method involves heating the sulfide in the presence 
of calcium oxide. 

2HgS + 2CaO 2CaS + 2Hg + C 2 

In this process, the mercury vapor is condensed and the oxygen per- 
mitted to escape. 

The first stage in the purification of mercury involves filtration 
through chamois skin to remove the gross insoluble impurities. If 
further purification is required, the liquid metallic mercury (containing 
other dissolved metals as impurities) is sprayed into an aqueous solution 
of mercurous nitrate containing a low concentration of nitric acid, 
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The impurities react with mercurous nitrate to form water-soluble salts 
and liberate elemental mercury. The mercury is subsequently sepa- 
rated and dried. If mercury of a high degree of purity is required, the 
metal may be purified further by distillation under reduced pressure in 
an apparatus of the type shown in Fig. 115. The pure liquid metal 
has a silvery color, hence the common name, quicksilver. It boils at 
356,66°C., freezes at — 38.832°C., and has a density of 13.596 at 0°C. 

Uses. Mercury is used extensively in thermometers, barometers, 
and other scientific instruments. Because of its low vapor pressure, its 



Fig, 115. — Purificaiian of mercury by distillation under reduced pressure. The 
apparatus is partially evacuated by a vacuum pump attached at B, By adjust- 
ment of clamp Ay air is permitted to bubble slowly out of the constricted tip of the 
tube, which extends under the surface of the impure mercury contained in the dis- 
tillation flask. 

high density, and the fact that it is a poor solvent for many common 
gases, mercury is useful as a confining liquid for work involving the 
collection and analysis of gases. The metal is also used in mercury- 
vapor lamps, arc lights, as a substitute for water in the boilers of heat 
engines, etc. In addition, mercury is used in the form of its alloys 
{amalgams^ see below) and in various forms of chemical combination, 
some of which are listed in Table 34. 

Amalgams. Liquid mercury is a fairly good solvent for all 
metals except iron and platinum. The alloys that are formed by dis- 
solving metals in mercury are called amalgams^ many of which involve 
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TABLE 34 

Important Compounds op Mercury 


Common name 

Chemical name 

Formula 

Uses 

Calomel 

Bichloride of mercury (cor- 

Mercurous chloride 

Ilg^CL 

Medicinal (liver 
stimulant) 

rosive sublimate) 

Mercuric chloride 

HgCL 

Antisef>tic 

Ammoniated mercury 

Mercuric amido- 
chloride 

HgCNIDCl 

Medicinal oint- 
ment (for skin 
diseases) 

Fulminate of mercury 

Mercuric cyanate 

ng(CNO)j 

Explosives (per- 
cussion caps) 

Vermilion 

Mercuric sulfide* 

HgS 

Paint pigment 


* \ rod form of mercuric sulfide which is formed by finding mercury and sulfur together in the 
presence of potassium sulfide. 


intermetallic compounds of the type MHga:, where x is quite variable. 
Aside from their many applications in scientific work, amalgams are 
used in dentistry and in connection with the metallurgy of silver and 
gold. 

26.3e Silver 

Like copper, the metal silver has been known since ancient times 
and prized as a precious metal. Silver has long been used in the fabri- 
cation of jewelry, ornaments, coins, etc. 

Occurrence. In addition to native silver, this metal occurs in 
nature in the form of alloys with gold, mercury, and other metals. In 
the combined form, practically all the useful ores of silver are sulfides 
with the single exception of cerargyrite, or “horn silver” (AgCl). 
Among the common sulfide ores are argentite (Ag 2 S), parargyrite 
(AgaSbSs), and proiislite (AgsAsSs). It is commonly true that sulfides 
of silver occur in nature along with the sulfides of other heavy metals, 
and attention has already been called to the fact that important quanti- 
ties of silver are produced as a by-product of the electrolytic refining of 
copper (Sec. 22.2). 

Metallurgy. As is true in any case, the procedure employed in 
the metallurgy of silver must be adapted to the particular form in 
which the metal exists in its ores. 

Native silver may be separated by the process of amalgamation. 
The crude ore containing metallic silver is treated with mercury to form 
an amalgam, which is then separated from the undesired earthy com- 
ponents of the ore. The amalgam is heated in a retort, and the silver 
remains behind as a residue while the mercury is distilled from the 
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retort, condensed, and used again. This same process may be used 
in the extraction of silver from horn silver, but in this case amalgama- 
tion is preceded by the reaction 

2AgCI + Hg -> 2Ag + HgzCU 

and the silver thus liberated amalgamates with the excess mercury. 

Sulfide ores are usually of low silver content and must be concen- 
trated by flotation before further processing is possible. Following 
concentration, the ores may be treated by any one of several leaching 
processes, two of which will be described briefly, (a) The sulfides are 
converted to sulfates by roasting the ore and the resulting silver sulfate 
is separated by leaching with water. Metallic silver then is precipi- 
tated by addition of copper, 

Ag^SOr -f ^ -» 2Ag + Cu-^+SOr 

separated by filtration, and the copper sulfate that is recovered from 
the filtrate constitutes an important by-product, (b) The sulfide ores 
are commonly roasted with sodium chloride to form AgCl which is then 
dissolved by leaching the ore with an aqueous solution of sodium or 
potassium cyanide. The chloride is dissolved because of the formation 
of soluble sodium silver cyanide [NaAg(CN) 2 ]. The cyanide solution 
is treated with finely divided zinc which displaces the silver from the 
complex cyanide. Sulfide ores of silver and lead are also treated by 
the Parkes process which will be described in connection with the later 
discussion of the metallurgy of lead. 

Whatever process may be used in the production of crude metallic 
silver, the product will most likely contain gold, copper, and other 
metals as impurities. Refining is accomplished by electrolysis from 
aqueous solutions containing silver nitrate and nitric acid as the elec- 
trolyte and by employing crude silver as the anode and pure silver as 
the cathode (i.c., a method wholly analogous to that used in the case 
of copper, Sec. 22,2). Silver is also refined by the process of cupella- 
lion which involves the formation of an alloy with lead, followed by 
oxidation (in a suitable furnace) of many of the impurities by means of 
atmospheric oxygen. Following separation of the oxidized impurities, 
the resulting silver is pure enough for some uses; for other purposes the 
copper and gold that remain as impurities must be removed by elec- 
trolysis, or the silver may be leached with sulfuric acid and the silver 
displaced from the resulting silver sulfate solution by the addition of 
copper. 

Of all the metals, silver is the best conductor of heat and electricity. 
Although both malleable and ductile, silver possesses a mechanical 
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strength which together with its resistance to corrosion makes this 
metal useful for many purposes. 

Uses. Much silver is used in the form of alloys. Alloys of copper 
and silver are much harder than pure silver and equally or more resist- 
ant to corrosion. Sterling silver, silver coins, etc., are alloys of this 
type. Small amounts of silver are used in the electroplating of a wide 
variety of objects, in the silvering of mirrors, etc. This metal is of real 
value in the form of some compounds such as silver nitrate (AgNOa), 
which is (commonly known as lunar caustic and which is used in medi- 
cine to cauterize wounds and in the manufacture of indelible inks. 
Silver bromide (AgBr) is an extremely important compound because of 
its use in photograj)hy. 

26.4. Photography 

No discussion of the uses of silver and its compounds could be com- 
plete without reference to the role of these substances in photographic 
processes. That photography is responsible for the utilization of a 
considerable fraction of the annual production of silver is shown by the 
fact that the Eastman Kodak Company alone uses about 300,000 lb. of 
silver annually. 

The use of silver bromide (or less commonly, silver chloride or 
iodide) depends upon the fact that these salts, when exposed to light, 
undergo decomposition to an extent that is dependent upon the 
intensity of the light. The nature of the chemical changes involved 
in the simplest type of photographic process may be indicated best in 
terms of the following steps: 

1 . Production of the Film or Plate. A thin layer of gelatin containing 
a colloidal dispersion of silver bromide is placed upon a film (made of 
cellulose nitrate or cellulose acetate) or a glass plate. After drying, the 
film (or plate) is ready for use. 

2. Exposure. The film or plate is placed in the camera, and the 
image of the object to be photographed is focused upon the film by 
means of a suitable lens. Since the object to be photographed has 
light and dark areas, the light reflected from these areas differs in 
intensity. Accordingly, the low-intensity reflection from a dark area 
will result in less activation of the silver bromide on the surface of the 
film than is produced by the more intense fight reflected from fight 
areas. Hence, over the entire surface of the film, varying degrees of 
activation of silver bromide are realized, and a “latent” or potential 
image is produced. 

3. Developing. The latent image on the film is rendered visible by 
immersing the exposed film in a solution of a reducing agent (the 
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developer) which is usually an organic compound. Reduction of silver 
bromide to elemental silver occurs most rapidly in those areas on the 
film which were exposed to the most intense light. Thus, those parts 
of the film which are rendered darkest owing to the formation of ele- 
mental silver are those corresponding to the lightest parts of the object 
photographed. If the reducing action of the developer is allowed to 
proceed indefinitely, all of the silver bromide is reduced and it is there- 
fore necessary to stop the reaction as soon as the image becomes plainly 
visible. 

4. Fixing. The film is removed from the reducing solution, 
unchanged silver bromide is removed by immersing the film in sodium 
thiosulfate (]Na 2 S 203 ) {hypo) solution, and the film is washed with 
water and dried. Because the directions as well as the light and dark 
areas of the object photographed are reversed (for the reason indicated 
above) the resulting image is called the negative. 

5. Printing. The formation of the finished print or “positive” is 
accomplished by causing light to pass through the negative and strike 
the surface of paper which has been coated in much the same manner as 
is involved in the production of the original film or plate. Because the 
light must pass through the negative before striking the paper, the light 
and dark areas on the finished print are the reverse of those on the 
negative and therefore correspond to those of the object photographed. 
The process of developing and fixing the print is essentially the same as 
that involved in the treatment of the negative. 

26,5. Lead 

Known and used by man for thousands of years, lead is today one 
of the cheapest and most useful of the heavy metals. The world’s 
annual production of lead amounts to more than 1}^ million tons of 
which nearly 50 per cent is produced in the United States from ore 
deposits found in Missouri, Oklahoma, Utah, and Idaho. 

Occurrence, The single most important ore of lead is the sulfide, 
galena (PbS). Minerals of considerably less commercial value include 
anglesite (PbS 04 ), cerussite (PbCOs), and wulfenite (PbMo 04 ). 

Metallurgy. After concentration of sulfide ores of lead (usually 
by flotation), the concentrate is subjected to an incomplete process of 
roasting. This treatment converts lead sulfide partly to lead monoxide 
and lead sulfate 

4PbS + 702 2PbO + 2PbS04 + 2502 

while some of the lead sulfide remains unchanged. At the same time, 
sulfides of copper, iron, zinc, arsenic, bismuth, etc., which are present 
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as impurities, are converted to the corresponding oxides. This partly 
roasted ore is then mixed with limestone (which forms a slag with the 
silicon dioxide present in the ore), iron ore, and coke. This mixture is 
heated in a furnace while a blast of air is forced through the mixture 
and the following changes take place: 

P62O3 -f- C — ► 2F0O "p CO 
PbO + C Pb + US 
PbO + CO -* Pb + 'CS2 
2PbO + PbS -♦ 3Pb + SS2 
PbS + FeO + C Pb + FeS + US 
PbSO, + FeO + 5 C Pb + FeS + 5 CT 5 

These and undoubtedly several other reactions occur during the 
smelting of the very complex charge placed in the furnace. As iiidi- 
(*ated by the above equations, elemental lead may be liberated as a 
product of five (or more) separate reactions. The lead so produced 
is drained from the furnace and is then ready for purification. The 
chief impurities present in the crude product (known as lead bullion) 
are Cu, Ag, Au, As, Sb, and Bi. 

Gross impurities are removed by melting the crude lead and forcing 
a stream of air through the molten metal. Most of the impurities are 
oxidized, and the resulting oxides float to the surface of the molten lead 
and are skimmed off. The remaining partly purified lead may be 
purified further by the Parkes process which involves melting of the 
impure lead and addition of zinc. The zinc dissolves in lead to only a 
slight extent while the impurities such as copper, silver (Sec. 26.3), and 
gold are much more soluble in zinc than in lead. After addition of 
zinc, the molten mixture is stirred and allowed to cool, whereupon the 
zinc containing the dissolved noble metals rises to the surface and 
solidifies. After removal of the resulting “crust,” the lead is treated 
successively with fresh portions of zinc until th'S* lead is substantially 
pure. The zinc crusts containing silver, gold, etc., are heated in a 
retort; the zinc that distills from the retort is recovered and used again, 
while the noble metals are reclaimed from the solid residues remaining 
in the retort. Less commonly, the crude lead bullion is refined by the 
Betts process, which is- an electrolytic refining process analogous to that 
used in the refining of copper. Fluosilicic acid (H 2 SiF 6 ) and lead 
fluosilicate (PbSiFg) serve as the electrolyte. Large bars of lead 
bullion serve as anodes, and the cathodes consist of thin sheets of pure 
lead. During electrolysis, lead is deposited at the cathode, the noble 
metals collect as a sludge or “mud” in the region of the anode, while 
the active metals dissolve and remain in the electrolyte. Of the two 
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methods of refining, the electrolytic method produces the produ(‘t of 
greater purity. 

Pure lead is a soft, bluish-gray metal which is malleable, duc- 
tile, and of very low tensile strength. Lead is a very dense metal 
(density = 11.34) which melts at 327.50°C. and boils at about 1600®C. 
The hardness of lead is usually increased markedly even by small 
quantities of metallic impurities. 

Uses. The chief uses of lead are found in (a) the construction of 
storage batteries (Sec. 23.6), (6) the manufacture of a wide variety of 
alloys (see Appendix), (c) the coating of iron wires and cables (Sec. 
27.9), (d) the construction of “lead chamber” sulfuric acid manufac- 
turing plants, and (c) the production of many useful compounds, one 
of the most important being basic lead carbonate which is extensively 
used as a white paint pigment. Some of the more common and useful 
compounds of lead are listed in Table 35. 


TABLE 35 

Impoiita^nt Compounds of Lead 


Common name 

Chemical name 

Formula 

Uses 

Litharge 

Lead monoxide 

PbO 

Manufacture of 
glass, pottery, ces 
ments 


Lead dioxide 

PbOz 

Manufacture of 
storage batteries 

Minium (red lead) 

Plumbous plumate* 

Pb,0. 

Paint pigment 

Sugar of lead 

Lead acetate trihy- 
drate 

Pb(C2Ha0,)2-3H20 

Medicinal 

Sublimed white 
lead 

Basic lead sulfate 

Pbj0(S04) 

Paint pigment 
(white) 

White lead 

Basic lead carbon- 
ate 

Pb2(0H)jC08 

Paint pigment 
(white) 

Chrome yellow . . . 

Lead chromate 

PbCr 04 

Paint pigment 

Chrome red 

Basic lead chromate 

PbiOCrOd 

Paint pigment 


Lead arsenate 

Pb8(As04)s 

Insecticide 


Lead tetraethyl 

Pb(C2H()4 

Antiknock in mo- 
tor fuels 


So-called because this compound is actually the lead salt of orthoplumbic acid (H4Pb04) t.s., 
Pbj(Pb04). 






Sec. 26.6] 


HEAVY METALS 


337 


26.6. Tin 

The mineral cassiterite (Sn 02 ) is the only important ore of tin. 
About 165,000 tons of tin are produced annually, most of which comes 
from cassiterite deposits found in British Malaya, Netherlands East 
Indies, Bolivia, Belgian Congo, Nigeria, and Siam. Although the 
United States consumes nearly one-half of the tin produced, no signifi- 
cant amounts are produced from the very scarce and low-grade domes- 
tic ores. A tin smelter located on the Texas Gulf coast (Fig. 116) 



Fig. 116 —View of a portion of a tin smelting plant located at Texas City, Texas. 
(Courtesy of Alex, L. ter Braake, Tin Processing Corporation.) 


produces tin from cassiterite concentrates imported from Bolivia, the 
Netherlands East Indies, and Belgian Congo. 

Metallurgy. Concentrated cassiterite ores are roasted largely for 
the purpose of removing arsenic and sulfur (as AS 2 O 3 and SO 2 ) and 
converting metallic impurities into their oxides. These oxides are then 
removed by leaching with dilute sulfuric acid in which the S 11 O 2 is 
insoluble. The prepared concentrate is thereafter reduced by carbon 
in a reverberatory furnace. 

SnOj “F 2C —♦ Sn + 200 

The molten tin is removed, cast into blocks (“block tin”)i and sub- 
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sequently purified by a number of refining processes, the most effective 
of which is an electrolytic process similar to that used in the refining of 
lead. 

Uses, The most important uses for tin are concerned with the 
manufacture of tin plate (sheet iron coated with tin, Sec. 27.9), a 
variety of alloys, tin foil, and pipes which, being very resistant to cor- 
rosion, are used to carry water and other liquids 

26.7. Zinc 

The history of the metal zinc is interesting in that it was long used 
in the form of alloys before it came to be recognized as an element in 
1746. For hundreds of years prior to this date, however, alloys of 
copper and zinc (brasses) were produced by the smelting of ores con- 
taining compounds of these two metals. 

Occurrence. Zinc occurs in a rather wide variety of combinations 
in nature. The chief ores of this metal arc sphalerite or “ zinc blende ” 
(ZnS) and franklinife which is a rather complex mixture consisting 
largely of the oxides of zinc and iron together witli variable quantities 
of oxides of manganese. Other zinc-bearing minerals include smith- 
sonite or “zinc spar” (ZnCOa), zincite (ZnO), willemite (Zn 2 Si 04 ), and 
calamine (Zn2H2Si06 or Zn 2 Si 04 *H 20 ). In the United States, the 
most important zinc-producing areas are the franklinite deposits in 
New Jersey and the rich deposits of sphalerite in a region comprising 
parts of the states of Oklahoma, Kansas, and Missouri. 

Metallurgy. The most modern method for the production of 
zinc is the electrolytic process which has already been described (Sec. 
22.1). An older metallurgical process, which is still used extensively, 
involves a rather extended treatment of high-grade ore or concentrates 
obtained by a flotation process. In either case, the finely divided ore 
is roasted to convert sulfides and carbonates to oxides which are then 
reduced by means of carbon at temperatures within the range 1200® to 
1300®C. Since zinc boils at 907®C., the liberated metal distills from 
the earthenware retort and may be condensed in suitable receivers. 
If the temperature of the condenser is kept below the melting tem- 
perature of zinc (i.6., 419.3®C.), the metal is obtained in the form of 
zinc dust which, in addition to metallic impurities, contains approxi- 
mately 5 per cent of zinc oxide. If, however, the zinc vapors are 
condensed at a temperature above 419,3®, the motal is obtained in the 
liquid form and is subsequently poured into molds and cooled. The 
crude metal obtained in this manner is known commercially as zinc 
spelter. 

The principal impurities in zinc spelter are cadmium, iron, lead, 
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arsenic, and copper. In addition to purification by electrolysis (Sec. 
22.1), zinc spelter may be refined by redistillation or by suitable chemi- 
cal methods chosen in relation to the desired degree of purity. 

Metallic zinc is characterized by a brilliant white luster which tar- 
nishes readily to produce the familiar dull gray appearance. Between 
100° and 150°C., the metal is both malleable and ductile. Pure zinc 
melts at 419. 3°C. and boils at 907°C. The density of cast zinc is 6.94 
while that of rolled zinc is 7.14. 

Uses. The major uses of metallic zinc are in the manufacture of 
alloys (see Appendix) and in the use of zinc as a protective coating on 
other metallic products, notably. iron and steel (Sec. 27.9). Lesser 
quantities are employed in tlie manufacture of dry cell batteries (Sec. 
23.8), sinks, gutters, cornices, weather strips, etc. The use of zinc in 
connection with the metallurgy of lead has been described previously 
(Sec. 26.5). In chemical laboratory work, zinc is one of the most 
widely used reducing agents. 

Zinc oxide (ZnO), which is produced by burning zinc vapor in 
atmospheric oxygen, is by far the most important compound of zinc. 
Under the name of zinc white, the oxide is used as a paint pigment. 
It is also used as a base in the manufacture of enamels, glass, and as a 
“filler” in the fabrication of automobile tires and other kinds of rubber 
goods. Zinc sulfide (ZnS) is also an important wliite paint pigment 
which is used either as such or in the form of lithopone, which is a mix- 
ture of zinc sulfide and barium sulfate. This widely used pigment is 
prepared by the metathetical reaction between zinc sulfate and barium 
sulfide, 

Zn++S 07 -I- Ba++S-" ^ -f BaS 04 

a reaction in which both of the products are insoluble. Another useful 
compound of zinc is the chloride, ZnCh, which is used as a wood pre- 
servative, as a soldering fluid to remove oxides from metallic surfaces, 
and in the production of parchment paper. 

26.8. Other Heavy Metals 

The preceding examples and the treatment of the metallurgy of 
iron (Chap. XXVII) are typical of the processes involved in the pro- 
duction of metals of relatively high density. Since the time available 
for detailed study of individual metals is necessarily limited in any 
beginning course in chemistry, the remaining heavy metals that are 
used industrially will not be considered in detail. However, in order 
that the student may gain some idea as to the mode of occurrence and 
the metallurgy and uses of these metals, a limited selection of informa- 
tion of this character is provided in Table 36. 
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TABLE 36 

Some Importajvt Heavy Metals 


Metal 

Mode of occurrence 
in nature 

Nature of metal- 
lurgical process 

Uses of the metal 

Cadmium. . 

Associated with zinc 
minejrals* 

By-product of the re- 
fining of zinc spelter 

In manufacMure of al- 
loys and as a proteo 
tive coating for other 
metals 

Bismuth. . . 

Native, and as bisiiiite 
(BiiOa-IIsO) 

Melting of native 
metal followed by 
separation of earthy 
impurities 

In production of low- 
melting alloys 

Chromium. 

Chromite [Fe(Cr02)2l 

Reduction of oxide by 
carbon t 

In electroplating and 
in manufacturing of 
corrosion-resistant 
alloy steels 

Manganese 

Pyrolusite (MiiOn.) 

Reduction of oxide by 
carbon or by alum- 
inumj 

Manufacturing of al- 
loys with iron and 
other metals 

Nickel 

Pyrrhotiti\ a mixture 
of sulfides of Ni, Fc, 
and Cii 

Reduction of oxide by 
carbon 

Manufacturing of al- 
loys, in electroplat- 
ing, and as a catalyst 

Platinum . . 

Native, and as sperry- 
lite (PtAs2) 

Native Pt is dissolved 
in aqua regia, precipi- 
tated as (NHOzPtClc 
which is then decom- 
posed by heat Pt 

As catalyst; as ad- 
sorbent for gases; in 
manufacturing of 
jewelry, electrical in- 
struments, ele(^trodes, 
crucibles, etc. 


* The mineral, greenockite (CdS) occurs in nature mixed with sphalerite. 

t Unless the iron is first removed, reduction of chromite by carbon produces the iron-chromium 
aWoy y ferrochrome, which is used in the manufacture of chromium steels. 
t /.e., the Goldschmidt process (Sec. 25.2). 


EXERCISES 

1. List the hiineral names, chemical names, and formulas of two important 
ores of each of the following metals: («) copper, (6) silver, (c) lead, (d) zinc. 

2. Identify the following terms: (a) blister copper, (6) amalgamation, (c) leach- 
ing, (d) cupellation, (e) zinc dust, (/) zinc spelter, (g) lunar caustic. 

3. F’or what purpose is each of the following used: (a) the Betts process? (h) 
the Parkes process? 

4. Listed below are the common names of several important paint pigments. 
In each case, write the corresponding chemical formula (or formulas) : (a) lithopone, 
(b) chrome yellow, (c) zinc white, (d) red lead, (e) vermilion, (/) white lead. 

5. In the case of each of the following compounds, write the chemical name, 
the common name, and one important use: (a) ZnCL, (6) Hg2Cl2, (c) AgNOs, (d) 
Hg(CNO)a. (e) Cu4(A80,)2(C2H,02)a; (/) HgCL. (g) ZnO, (h) Pb(C2H302)2*3|i20. 
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6. Outline briefly the major steps involved in the metallurgy of (a) silver, 
(b) copper, (c) lead, 

7. In what physical property does mercury differ from all other metals? 

8. What is the function of a vslag as used in metallurgical processes? 

9. Make a tabulation of the metals discussed in this chapter and the commer- 
cial uses for these metals. 

10. In photography, what is the moaning of the following terms: (a) negative, 
(b) hypo, (c) developer, {d) latent image, (c) positive? 

11. Trace the consecutive steps involved in a simple pliotographic process and 
indicate the nature of tlie chemical changes involved in each. 

12. Write ecpialions representing: (a) the formation of elemental copper from 
a mixture of cuprous oxide and cuprous sulfide, (6) two methods for the liberation 
of mercury from cinnabar, (c) the roasting of galena, (rf) the reduction of cassiterile 
by carbon. 

13. How many tons of tin may be obtained from 63 tons of an ore consisting of 
88 per cent cassiterile if the metallurgical process (reduction by carbon) has an 
over-all efficiency of 94 per cent? 
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CHAPTER XXVII 

IRON AND STEEL 

Of all the many and varied aspects of the chemistry of metals, the 
industrial importance of iron and the various products derived there- 
from is traditionally singled out for special emphasis. It is certainly 
true that the many rich deposits of high-grade iron ores, the relative 
ease and low cost with which the metal may be extracted, and its many 
useful properties, have made iron the cornerstone of industrial develop- 
ment in this and other countries. Although modern trends in the 
metallurgical industries indicate rather clearly that certain of the light 
metals (Sec. 22.1) may eventually come to rival the dominant position 
of iron, many years will elapse before it is relegated to a position of 
secondary importance. 

27.1, Ores of Iron 

Iron occurs in nature in a wide variety of conditions of chemical 
combination. Of these, oxides, sulfides, and carbonates are the com 
pounds used as commercial sources of iron. Hemalile (Fe203) is b> 
far the most important. Other iron ores used to a lesser exteiV 
include limonite [(Fe203)2*3H20], magnetite (“magnetic oxide of iron”) 
(Fe304), siderite (FeCOa), and pyrite (FeS2). 

Most of the countries having any marked degree of industrial 
development have readily available deposits of iron ores. In the 
United States, the Lake Superior region (Minnesota, Michigan, and 
Wisconsin) furnishes about 85 per cent of the domestic production 
while the remainder is obtained from ores located in Alabama, New 
York, Colorado, California, Virginia, Tennessee, Ohio, and Texas. 
In the Lake Superior region, the famous Mesabi iron range employs the 
open-pit method of mining and is one of the world’s most important 
iron-producing areas. From this and other near-by ranges, hematite 
ore is produced at a rate of 90 million tons per year. So rich are these 
deposits that only the high-grade ores have been utilized. However, it 
has been estimated that these “pockets” of almost pure hematite will 
be exhausted by 1950 and it will then become necessary to resort to the 
use of lower quality ore either from the same area or from deposits 
located elsewhere. This fact in itself may have an important bearing 

34S 
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upon the future of the iron and steel industry as its competitive posi- 
tion is rendered increasingly more difficult as a result of increased costs 
brought about by the necessity of processing the poorer ores. 

27.2. Metallurgy of Iron 

From the standpoint of the chemical changes involved, the produc- 
tion of iron from an oxide ore (or from a carbonate or sulfide ore after 
roasting) may be represented in terms of a few simple reactions. The 
raw materials required are the ore, limestone, and coal or coke. The 
carbon in coal or coke is first changed to carbon dioxide, which in turn 
is passed over layers of hot coke to convert the dioxide to carbon 
monoxide. 

CO 2 + C — > 2CC5 

The resulting monoxide serves to reduce the iron oxide to elemental 
iron through a series of steps which occur at the indicated approximate 
temperatures: 

450"C. 

SFejOa -j- CO ^ 2Fe304 -}- CO 2 

600"C. 

Fe 304 -j- CU 3FeO -j- CO 2 

800°C. 

FeO 4“ CO ► Fe -j- CO 2 

The iron is liberated in a spongy condition and absorbs from 4 to 4^2 
per cent of carbon before it melts at about IISO'^C. During the pro- 
gressive increase in temperature, the limestone decomposes to form 
quicklime, 

800-900°C. 

' CciCOs ^ CciO -j“ 0 O 2 

which combines with silicon dioxide (sand) always present in the ore 
to form liquid calcium silicate. 

1000-1200°C. 

CaO 4“ Si02 > CaSiOs 

This molten calcium silicate and the other more readily fusible silicates 
that are always present in the crude iron ores form a slag which floats 
on the surface of the molten iron. The slag is removed, allowed to 
solidify, and used in the manufacture of cement or as a road-building 
material after being mixed with asphalt or road tar. 

27.3. Operation of the Blast Furnace 

The chemical reactions indicated above occur in a device known as 
a blast furnace (Fig. 117). The blast furnace is a tall slightly conical 
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tower about 90 ft. in height and from 20 to 25 ft. in diameter at the 
widest region. The furnace is built of heavy steel plate and lined 
with firebrick. Hollow bronze brick, through which water is circu- 
lated, are inserted in the walls to keep the brick from melting. A 
double-cone charging device is located at the lop, while a pit for the 
temporary collection of iron and slag is provided at the bottom. At 
the sides and near the bottom are provided water-jacketed openings 



Fig, 117, — The blast furnace. 


(tuyeres) through which a blast of air heated to 425° to 600°C. is sent 
into the furnace. The charge which is introduced at the top of the 
furnace consists of definite quantities of iron ore, coke, and limestone. 
The coke burns to form carbon dioxide and carbon monoxide near the 
openings of the tuyeres, and these gases pass upward to heat the charge. 

When the rising gases have heated the charge to about 450°C., the 
carbon monoxide begins to change the iron ore into Fe 304 . At about 
600°C., the Fe804 is converted to FeO and, as the charge sinks and gets 
hotter (750° to 800°C.), the ferrous oxide is reduced to spongy ele- 
mental iron which absorbs carbon from the glowing coke until a tern- 
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perature of about 900° is reached, after which no more carbon is 
absorbed." 

Within the temperature range of 800° to 900°C., the limestone 
decomposes to form CO 2 and CaO, and the latter reacts with sand 
(present in the crude ore) to form the readily fusible calcium silicate 
(CaSiOa). This, together with other melted silicates (which are present 
in all crude iron ores), constitutes the slag, the formation of which is 
complete at 1100° to 1200°C. At these temperatures, both the slag 
and the iron are in the molten condition, and the slag forms a liquid 
layer which floats on the surface of the molten iron. 

In a 24-1^. period of operation, slag is removed at the “cinder 
notch” about fifteen times while iron is removed at the “iron notch” 
every 6 hr. The molten iron is allowed to solidify in sand molds or 
clay-lined molds or is used immediately in the production of steel 
without ever being allowed to solidify. The larger portion of the iron 
produced in the United States never cools from the time it is first 
heated in the blast furnace until it is ready to be sent out from the 
steel mills in the form of rails, structural steel, tin plate, etc. 

The gas escaping from the blast furnace through the large “down- 
comer” pipe contains from 22 to 25 per cemt of carbon monoxide and 
has a heating value of about 90 to 95 B.t.u. per cu. ft.^ This gas is led 
through a dust catcher (the “cyclone”) and is then used as a fuel. 
About one-third of this gas is burned in a series of four hot-blast stoves 
for preheating the dry air that goes into the blast furnace at the 
tuyeres; the remaining two-thirds is used in gas engines to generate 
power for the mills surrounding the blast furnace. The operation of a 
single blast furnace for a 24-hr. period requires from 4000 to 5000 
tons of air, 500 to 600 tons of limestone, 1500 to 1600 tons of iron ore, 
and produces about 1000 tons of iron. 

27.4* Varieties of Iron; Their Properties and Uses 

Molten iron from the blast furnace may be drained into sand molds 
or clay-lined molds and allowed to cool. The resulting ingots weigh 
about 150 lb. each and are known as pig iron or cast iron. This rela- 
tively impure product contains some slag in addition to the following 
impurities: carbon (2 to 4.5 per cent), silicon (1 to 2 per cent), sulfur 
(0.1 to 0.3 per cent), phosphorus (0.1 to 2.0 per cent), and manganese 
(0.5 to 1 per cent). This product, because of the presence of the 
indicated impurities, has a melting temperature lower than that of 

^ is the abbreviation for the British thermal unit which is the qfuantity 

of heat required to raise the temperature of 1 lb. of water (at its maximum density) 
1®F. One B.t.u. is equivalent to 252 cal. 
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pure iron, is hard, brittle, and exhibits low tensile strength and 
ductility. 

Cast Iron. When scrap iron is added to molten pig iron and the 
resulting liquid is allowed to cool in suitable molds, cast iron is formed. 
The rust (Fe 203 ) on the surface of the scrap iron oxidizes partly (at 
the temperature of the molten mixture) some of the impurities in the 
crude pig iron, e.gr., 

3S “f" 2Fe203 — ► 4 F 0 4“ 35C52 

It should be recalled also that, during its formation in the blast furnace, 
iron absorbs carbon. These two elements combine to form iron car- 
bide (FeaC), which is also known as cementife. In the production of 
cast iron, the character of the product is dependent upon the extent to 
which the iron carbide is decomposed. If the mold is chilled so that 
the iron cools rapidly, most of the iron carbide remains as such and 
white cast iron is produced. This product is hard, brittle, and cannot 
be machined. If, on the other hand, the molten iron is cooled slowly, 
gray cast iron is obtained and in this process part of the FeaC decom- 
poses to form iron and carbon. This variety is much softer and 
tougher than white cast iron and can be machined and drilled success- 
fully. If molten pig iron to which scrap iron has been added is main- 
tained at 400° to 600°C. for several days until practically all of the 
cementite has decomposed, the resulting product has a high content of 
uncombined carbon and is known as malleable cast iron. This material 
expands upon cooling and is very useful in the manufacture of stoves, 
machinery bedplates, radiators, and other articles not subjected to 
shock during use. Thus, it is evident that the essential difference 
between white, gray, and malleable cast iron depends upon the extent 
to which carbon is present in the uncombined form, and this factor 
also governs the properties of the three varieties of cast iron. 

Wrought Iron. In 1784, an Englishman, Henry Cort, devised a 
method for the conversion of pig iron into a much more useful product 
known as wrought iron. This conversion is accomplished by removal 
of most of the impurities from pig iron by oxidation in a “puddling” 
or reverberatory furnace. The furnace is lined with magnesium oxide 
and is charged with about K ^on of pig iron together with some nearly 
pure hematite ore which serves as a source of oxygen. Upon heating, 
carbon is oxidized to carbon dioxide which escapes as a gas while silicon, 
phosphorus, and manganese are oxidized to the corresponding oxides. 
Some of the manganese reacts with sulfur to form manganous sulfide. 
The acidic oxides of silicon and phosphorus combine with the basic 
lining of the furnace to form magnesium silicates and phosphates, 
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which together with the oxides and sulfides of manganese constitute a 
molten slag. As the impurities are removed, the melting temperature 
of the iron is raised until it finally becomes partly solidified ; whereupon 
it is rolled into large balls or blooms and taken out of the furnace to be 
rolled into sheets. This rolling process squeezes out most of the 
adhering slag, also lengthens out the crystals of the iron, and incorpo- 
rates any remaining slag rather uniformly. The resulting wrought 
iron is the purest form of commercial iron but still contains usually 
about 1 per cent of slag (the presence of which is desirable since it 
improves the tensile strength) and about one-tenth of 1 per cent of 
carbon. 

This form of iron has great tensile strength, can be forged and 
welded, is ductile and malleable, and has a relatively high melting 
temperature. Wrought iron has a somewhat fibrous structure, owing 
to small pockets of slag, and is therefore rather difficult to machine. 
Some wrought iron is used in the manufacture of high-quality tool 
steel, but the chief uses are in the manufacture of wire, chains, rails, 
anchors, bolts, nails, rivets, grate bars, pipes, etc. 


27.5. Production of Steel 

Steel is the name given to iron which contains from 0.04 to 1.7 per 
cent of carbon, small percentages of manganese, only very small 
amounts of impurities such as 
sulfur and phosphorus, and which 
is capable of being hardened by 
quenching (i.e., rapid cooling by 
immersion in water, oil, or other 
suitable liquid) . The carbon con- 
tent of steel must be kept below 
2 per cent in order to prevent 
excessive brittleness. Steel is pro- 
duced either from pig iron or from 
wrought iron by several processes, 
each of which will be considered 
briefly. 

Bessemer Process. The essential features of this process were 
introduced by the American, William Kelley, in 1852. However, an 
improved form of this process was discovered and patented by the 
Englishman, Sir Henry Bessemer, in 1855; hence the name Bessemer 
process. The process employs a pear-shaped vessel (Fig. 118) from 
12 to 20 ft. in height, 10 to 16 ft. in diameter, and mounted on trun- 
nions in order that it may be turned on its short axis for loading and 



Fig. 118 . — The Bessemer converter. 
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unloading the charge. Th‘s vessel is known as a converter and is lined 
to a thickness of about 2 ft. with an acidic refractory material consist- 
ing largely of silica (Si 02 ) and silicates bound together with fire clay. 
One of the trunnions is hollow and leads to a series of tuyeres in the 
bottom of the converter through which a blast of air is admitted. 

The converter is charged with approximately 20 tons of molten 
pig iron, preferably having a low phosphorus content^ and with the con- 
verter in a vertical position, a blast of air is- blown through the 
charge. Silicon, manganese, and carbon burn away (in the order 
named) so violently that the temperature of the charge is raised con- 
siderably. Phosphorus is burned to form the oxide (P 2 O 6 ), but this 
does not enter the slag and hence is not removed. In about 10 or 15 
min. the “blow” is completed and the charge remaining in the con- 
verter consists of nearly pure iron. Before the melt is poured from the 
converter, the required amounts of manganese, carbon, and silicon 
are added in the form of spiegeleisen which is an iron-manganese alloy 
of high carbon content. The manganese removes sulfur and com- 
bined oxygen; silicon removes trapped air bubbles; and at the same 
time the carbon content is brought up to the desired percentage. The 
resulting molten steel is transferred to molds and cast in the form of 
ingots which may weigh as much as 4 tons. 

The Bessemer process is relatively less expensive but does not pro- 
duce a product of high quality. It is not possible to exercise control 
over the composition of the product because the conversion occurs so 
quickly. Furthermore, this process does not effect the removal of 
phosphorus. The phosphorus pentoxide that is formed during the 
blow is reduced to phosphorus upon addition of carbon and hence 
remains as an impurity in the final product. Provision for the removal 
of phosphorus may be made by the use of the so-called basic Bessemer 
process which employs a converter lined with magnesia (MgO), but 
this practice entails other disadvantages. In the United States, the 
acid Bessemer process is used exclusively and accounts for about 15 
per cent of the steel produced in this country. Steel so produced is 
used largely as structural steel, as reinforcement for concrete, and in 
the tin-plate industries. 

Despite its disadvantages and limitations, the invention of the 
Bessemer process opened a new era of industrial progress. Through 
its use, cheap steel became available and was largely responsible for 
the rapid expansion of railroad building during the latter part of the 
nineteenth century. 

Open-hearth Process. Only a few years after the invention of 
the Bessemer process, the use of open-hearth gas-fired furnaces was 
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adapted to the production of steel. The open-hearth furnace (Fig. 
119) is built of brick and steel and contains a shallow saucerlike 
basin (hearth) capable of carrying a charge of 70 to 100 tons of pig iron. 
This hearth may be lined either with an acidic (Si02) or basic (MgO) 
lining but, since American practice is limited to the basic process., the 
other possibility will not be discussed further. In the basic process, 
70 to 100 tons of pig iroii together with rusty scrap iron or steel, lime- 
stone, and oxides of iron constitute the charge. Air and gas are 
introduced through separate flues and are passed tlirough a heated 
checker-brick structure before coming into contact with the charge. 



Fig. 119. — The open-hearth fnrnact'. 


Combustion of the gases heats the charge, and tlie hot gases pass out 
through and heat the checker-bricks on the opposite side of the furnace. 
Then the current of gases is reversed so that the incoming gas flow will 
pass through the newly heated bricks. Thus, frequent reversal of 
direction of flow of gases maintains a high temperature and conserves 
fuel. 

In the molten charge, silicon, phosphorus, sulfur, manganese, and 
carbon are converted to the corresponding oxides by reaction with iron 
oxide (Fe 203 ). Oxides of carbon and sulfur pass off as gases while the 
oxides of phosphorus and silicon combine with calcium oxide (formed 
by the decomposition of the limestone) to form phosphates and 
silicates. 

3CaO -}- P 2 O 6 — * Ca3(P04)2 
CaO -f- Si02 — ^ CaSiOs 

At the same time manganous oxide reacts with silicon dioxide to form 
manganous silicate. 


MnO -f SiOa MnSiOs 
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These phosphates and silicates form a slag. Thus all the impurities 
are removed from the molten iron in a period of from 7 to 8 hr. Near 
the end of the period of treatment, samples of the molten iron are 
removed, solidified, and sent to the chemical laboratory for accurate 
and rapid quantitative analysis. On the basis of information supplied 
by the laboratory, it becomes possible to calculate accurately the 
quantity of spiegeleisen which must be added in order to produce a steel 
of the desired composition. Thereafter, the molten steel is trans- 
ferred to molds where the steel is cast into ingots. 

In comparison with the Bessemer process, the open-hearth process 
has certain important advantages. It provides accurate control of 
temperature owing to the use of an out>side source of heat. The compo- 
sition of the final product can be predetermined by analysis and thereby 
controlled. Complete removal of phosphorus is accomplished, and 
this permits use of low-grade iron ores which are usually of relatively 
high phosphorus content. None of these advantages is possessed by 
the Bessemer process. 

More than three-fourths of the steel produced in this country is 
produced by the open-hearth process. The uses are innumerable and 
include practically every commercial application except those in which 
special alloys must be employed. 

Crucible Process. This process utilizes either wrought iron or 
open-hearth steel. The iron (or steel) is melted in graphite-clay 
crucibles in gas or electric furnaces, and pure carbon introduced to 
bring the carbon content up to 0.8 to 1.5 per cent. The steel thus 
produced is a uniform product of high quality and relatively high cost. 
It is used in making knives, razor blades, and tools requiring definite 
carbon content. 

Cementation Process. This process, now little used, consists in 
heating wrought iron or low-carbon steel in powdered charcoal or 
leather dust for 6 to 11 days in a closed box-like furnace at 650® to 
700°C. At these temperatures, carbon diffuses slowly into the surface 
of the steel thus producing a thin coat of high-carbon steel over a core 
of low-carbon steel. This procedure is essentially one of caseharden- 
ing, and steel produced in this manner is used largely in the manufac- 
ture of tools. 

Electric-furnace Process. One of the highest grades of steel 
now produced is made through the use of electric furnaces in which 
steel from the Bessemer or open-hearth process is subjected to further 
refining. The steel produced in this relatively new process is char- 
acterized by its high density and the absence of occluded gases. The 
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chief advantage of this process is its provision for more precise control 
of temperature. 

27.6. Influence of Impurities upon the Properties of Iron 

By inference from previous discussions of otlier commercial proc- 
esses, one may gain the impression that the objective of all industrial 
chemical operations h the production of products of high purity. 
This is not so in the case of iron. The properties of pure iron are not 
such as to render this metal particularly useful, and the problem there- 
fore becomes one of producing impure iron containing just enough of 
the right impurities to impart to the iron a desirable set of mechanical 
properties. The influence of these impurities can be discussed only in 
general terms since the properties imparted by any one impurity may 
be modified by the presence of one or more other impurities. 

Carbon, added to iron, may exist in the iron in the combined form, 
i.e., FeaC, or as elemental graphitic (Sec. 28.3) or flake carbon. Com- 
bined carbon increases hardness and mechanical strength in cast iron 
and steel ; graphitic carbon decreases both strength and hardness. 

Silicon acts as a softener in cast iron, increases fluidity, lessens 
shrinkage, and decreases the strength. Cast iron containing from 15 
to 20 per cent silicon is very resistant to the action of acids. - Since 
steel and wrought iron contain no more than traces of silicon, it has no 
appreciable influence so far as these products are concerned. 

Sulfur tends to change graphitic carbon into combined carbon 
(FcaC), thus indirectly increasing the hardness, brittleness, and shrink- 
age of cast iron (and to a lesser extent, of steel). Presence of more 
than 0.1 per cent of sulfur renders iron very weak and dangerously 
brittle when hot. 

Phosphorus increases the fluidity and softness of cast iron while 
decreasing the shrinkage and strength. In steel, phosphorus decreases 
ductility and increases slightly the hardness and tensile strength of 
low-carbon steels. In general, however, a high phosphorus content 
causes steel to fracture easily when subjected to strain or deformation 
when cold. 

Manganese is known as a cleanser of iron, inasmuch as it combines 
with any unchanged iron oxides or sulfides, thus removing oxygen and 
sulfur. When amounts in excess of this cleansing requirement are 
added, the manganese begins to act as a hardener, 2 per cent making 
the iron quite hard. Steel having a manganese content of from 2 to 6 
per cent and a carbon content less than 0.5 per cent is so brittle that 
it can be powdered under a hand hammer. When, however, more than 
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6 per cent of manganese is present, this brittleness disappears until 12 
per cent manganese is reached. At this composition, the original 
toughness is restored. 

27,7. Alloy Steels 

With the development of the automobile industry, there arose the 
need for special steels that would withstand shocks and strains, resist 
(‘orrosion, retain hardness at high temperatures, etc. These needs were 
met by the fabrication of alloy steels having the desired properties and, 
as these alloys became available in quantity, they rapidly came into 
use in all phases of industry. Metals commonly alloyed with steel 
include nickel, tungsten, chromium, vanadium, columbium, tantalum, 
molybdenum, cobalt, copper, and manganese. These metals may be 
added singly or in combination. So vast have become the number and 
variety of these alloy steels that space does not permit here any discus- 
sion of individual cases. For purposes of illustration, a few of the 
better known alloys are listed in Table 37, together with their compo- 
sition, and a brief indication of their properties and uses. 


TABLE 37 
Alloy Steels 


Name 

Alloyed 
metal (.v). 

Properties 

Uses 

Stainless steel 

Cr (15) 

Resistant to corrosion 

Manufacture of or- 

Nickel steel 

Ni (2-5) 

Stainless, very hard. 

namental parts of 
autos, etc. 

Gears, shafting, wire 

Invar steel 

Ni (36) 

yet elastic 
Nonexpanding 

rope 

Clocks, pendulums. 

Manganese sU^el. . . . 

Mn (10-18) 

Very hard; resists 

tapelines, etc. 

Safes, railroad frogs, 

Tungsten steel 

W (10-20) 

abrasive wear 

Remains hard at high 

teeth on elevator 
dredges 

Cutting tools, high- 


Cr (4-8) 

temperatures 

speed drills 

Chroiiie-vanadium 

Cr (1-9) 

Resists fatigue, has 

Auto parts : springs. 

steel 

V (0.15-0.2) 

high tensile strength 

axles, etc. 

Chrome-nickel steel . 

Ni (1-5) 

Great hardness; high 

Armor plate for battle- 


Cr (1-2) 

tensile strength 

ships and tanks 

Molybdenum steel. . 

Mo (0.3-3) 

Hard, he^it-resistant 

Axles 

Chrome steel 

Cr (2-4) 

Very hard; resktant 

Files, ball bearings, 



to shock 

safes, etc. 
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27.8. Corrosion of Metals and Alloys 

The corrosion or rusting of iron, steel, and other metals is a matter 
of great economic importance. Millions of dollars are spent each year 
in the replacement of metals damaged by corrosion. The nature of 
the chemical changes that occur during corrosion is not fully under- 
stood, and several theories have been advanced in an effort to provide 
an explanation that might lead to the development of new and better 
methods of control. Of the older theories, one held that corrosion of 
iron, for example, consists simply of the direct union of iron and oxygen; 
another Iield that corrosion results from the reaction between iron and 
an acid (usually carbonic acid). The presently popular electrolytic 
theory of corrosion is probably the best yet advanced, although not 
entirely satisfactory. This theory is too involved for complete dis- 
cussion here, and for present purposes it is sufficient to indicate that, 
in terms of this theory, the changes that occur during rusting are 
likened to those which occur in battery cells (Chap. XXIII). If the 
supply of oxygen is unlimited, the cell reactions are 

( — ) Terminal: Fe^ — 2e" 

(4-) Terminal: HOI -f- 2e~ -j- H 2 O 20H“ 

Battery: + ^05 + Hsd'^e^OlH)^ 

or 

2Fe« +02 + 2HoO 2Fe++(0H);r 

The ferrous hydroxide is subsequently oxidized (wholly or in part) to 
ferric hydroxide [Fe(0H)3]. If, on the other hand, oxygen is not 
available, the corrosive action becomes analogous to the interaction of 
iron and an acid, and the battery cell rections are 

( — ) Terininal: Fe^’ — 2e“ — ^ Fe^^ 

(+) Term'inal: 2H+ + 2e- 

Battery: Fe® + 2H'^ — >• Fe'^'^ + H5 

As a result of extensive experimentation and as an outgrowth of the 
various theories that have been advanced, methods have been devised 
whereby corrosion may be caused to occur less rapidly or in some cases 
prevented entirely. Any one or any combination of the following 
methods may be employed: (a) Elimination of contact with oxygen by 
the application of protective coatings of grease, metals (Sec. 27.9), 
plastics such as Bakelite, or rust-inhibiting paints. Paint pigments 
having rust-inhibiting properties include Pb20Cr04, Cr203, ZnCr04, 
Pb804, and PbS04. (6) Protection from contact with acids. For 
example, before use in steam boilers, water should be treated with a 
base to neutralize any acid present, (c) Removal of electrolytes. 
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Water containing dissolved electrolytes corrodes metals more rapidly 
than pure water, (d) Removal of impurities. The presence of cer- 
tain impurities has been found to accelerate the rate of corrosion of 
metals and alloys, (e) Removal of mechanical strains. Rate of cor- 
rosion is generally increased by deformation or mechanical strains in 
metals. It is a familiar fact that a bent iron nail will rust most 
readily at the bend. 

27.9. Metallic Protective Coatings 

Reference has already been made to the practice of placing protec- 
tive coatings of other metals upon the surface of objects made of iron 
or steel by the process of electrolysis (Sec. 22.3). The same end may 
be accomplished also by methods not involving the use of the electric 
current. 

Galvanizing. The process of galvanizing consists in placing a 
protective coating of zinc upon the surface of iron. Before application 
of the zinc, the iron must be cleaned of rust or scale by treatment with 
dilute sulfuric acid, a process known as pickling, which, incident- 
ally, produces important quantities of hydrated ferrous sulfate 
(FeS 04 * 7 H 20 ) (copperas), as a by-product. 

FeO 4- H2SO4 + 6H2O FeS04-7H20 

The iron is then immersed in molten zinc, withdrawn, and allowed to 
cool, whereupon the zinc crystallizes in the characteristic spangled 
design. To provide protection from rusting, the quantity of zinc 
retained on the surface of the iron should be not less than 2 oz. per 
sq. ft. 

Zinc is frequently applied to the surface of iron or steel by other 
methods. In the Schoop process, molten zinc is sprayed onto the sur- 
face by a blast of air in a manner similar to that used in spraying paint. 
In addition to metals, objects made of wood, leather, paper, etc., may 
be coated with zinc by this process. In the process of sherardizing, 
iron is covered with a thin layer of zinc “dust’’ (Sec. 26.7) at tempera- 
tures within the range of 700° to 800°C. Under these conditions, zinc 
penetrates the surface of the iron to a considerable extent. 

Iron coated with zinc is effectively protected from corrosion. Zinc 
itself does not corrode appreciably since the surface oxidation of zinc 
produces a thin and very adherent film of zinc oxide which, in turn, pro- 
tects the underlying zinc metal, ^ Should the zinc coating become 

^ Since the oxides and hydroxides of iron are also insoluble, it would seem that 
these corrosion products might similarly prevent the further corrosion of iron. 
That such is not the case may be explained readily. Whereas zinc oxide forms a 
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imperfect by cracking or abrasion, iron becomes exposed to a moist 
atmosphere containing carbon dioxide. This is equivalent to having 
the two metals, zinc and iron, immersed in dilute carbonic acid solu- 
tion. This combination constitutes a galvanic battery cell and, since 
zinc is the more active of the two metals, zinc will dissolve (corrode) 
preferentially. Consequently, the iron is protected from corrosion so 
long as the zinc coating is present. 

Tin Plate. Immersion of pickled iron or steel in molten tin results 
in the material known as tin plate, from which cans, caps, pails, pans, 
etc., are made. The objective of tin-plating is to obtain a very thin 
coating of tin and one which is free from cracks, holes, or other imperfec- 
tions, The reason for this latter requirement becomes clear if one 
considers the nature of the galvanic battery cell involving the two 
metals, iron and tin. Since iron is more active than tin, an imperfec- 
tion in a coating of tin results in preferential corrosion of iron; hence, 
an imperfect tin-plating, rather than providing protection from corro- 
sion, actually promotes corrosion and is worse than no coating at all. 

In addition to zinc and tin, and aside from those metals applied by 
electrolysis, other metals commonly applied as protective coatings 
include lead and cadmium. Both of these metals are applied by 
immersion as in the case of zinc or tin. Lead is commonly used as a 
protective coating on wire, cables, steel shingles, etc., while cadmium 
is (less frequently) used as a coating on numerous automobile parts, 
laboratory apparatus, etc. Although objects plated with cadmium 
present a more attractive appearance, the extensive use of this metal 
is retarded by its relatively high cost and limited production. 

EXERCISES 

1. If, instead of hematite, one wished to use (a) siderite, or (6) pyrite as a 
source of iron, how might these ores have to be treated before introduction into 
the blast furnace? Write equations for the reactions involved. 

2. Write equations representing the reactions that occur when hematite is 
reduced to elemental iron in the blast furnace. In each case, indicate the approxi- 
mate temperature at which the reaction occurs. 

3. Assuming that an iron ore consists of 70 per cent Fe 203 and 30 per cent 
Si 02 , calculate (a) the maximum number of tons of iron that could be produced 
from 1 ton of this ore and (6) the weight of limestone (in pounds) that would be 
required to convert into slag the silicon dioxide present in 1 ton of the ore. 

4. Define the following terms: (a) pig iron, (6) white cast iron, (c) gray cast 
iron, (fl?) malleable cast iron, {e) steel, (/) slag, {g) pickling, (h) galvanizing, (i) 
sherardizing, {j) cementite, {k) spiegeleisen, (Z) copperas. 

very firm adherent film on the surface of zinc, the insoluble corrosion products of 
iron are flaky and porous and hence do not effectively prevent further attack of the 
underlying metallic iron. 
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5. For each of the following processes, list the raw materials required and the 
primary product of the process: (a) the open-hearth process, {b) the Schoop process, 
(r) the cementation process, (d) the Bessemer process, (e) the crucible process. 

6. What is the essential difference between (a) wrought iron and steel, (b) the 
acid Bessemer and the basic Bessemer process? 

7. In comparison with the Bessemer proc'ess, what advantages are involved in 
the use of the open-hearth process? 

8. In the United States, the richest iron-ore deposits are located in the Lake 
Superior region. In view of this fact, how may one explain that great centers of 
steel production are located in Indiana, Ohio, West Virginia, and Pennsylvania? 

9. Why is it that the Birmingham, Ala., area is the only one in which iron ore 
is both mined and smelted? 

10. List the factors that one should take into account in efforts to prevent, or 
to decrease the rate of, corrosion of iron or steel. 

11. If a crack or other imperfection occurs in a coating of lead on iron, which 
of these metals will corrode the more rapidly? Justify the answer given. 

12. What are the chief by-products of the production of iron? How are these 
by-products used? 

13. Compare the mechanical properties of cast iron, wi'ought iron, and steel. 

14. If pig iron having a relatively high phosphorus content were converted to 
steel by the acid Bessemer process, what would be the properties of the resulting 
product ? 

15. What properties are imparted to iron by each of the following impurities: 
(a) manganese, (/>) carbon, (c) sulfur? 

SUGGESTLB READING 

Journal of Chemical Education 

Burchahd, The Sources of Our Iron Ores, 10, 195, 288 (1933). 

Franklin, A Brief Lesson in the Chemistry of Pig Iron, 8, 143 (1931). 

Crook, Alloy Steels and Their Uses, 4, 583 (1927). 

Pethybridge, Modern Heat Treating Practices, 21, 152, 204 (1944). 

Rohrman, Corrosion, the Billion Dollar Thief, 10, 141, 215, 297 (1944). 

Blum, Protection against Corrosion by Means of Metallic Coatings, 4, 1477 
(1927). 

Rogers, Modern Methods of Metal Finishing, 14, 57 (1937). 

Industrial and Engineering Chemistry 

Wachter and Smith, Preventing Internal Corrosion of Pipe Lines, 35, 358 
(1943). 


CHAPTER XXVIII 

SOME NONMETALLIC ELEMENTS 

From the study of the periodic arrangement of the elements (Chap. 
XIII), tlie student will recall that only a relatively small number of 
the stable chemical elements may be considered as predominantly non- 
metallic in cliaracter. This fact, however, should not lead one to 
assume that these elements are of only secondary importance. From 
Ihe standpoint of future developments it is further significant that, in 
all probability, no additional nonmetals remain to be discovered. 

Some attention has already been devoted to the study of several 
of the nonmetals, including oxygen (Chap. IV), hydrogen (Chap. VIII), 
and the inert gases of the atmosphere (Sec. 4.6). With this bac^k- 
ground, the present discussion will involve a summarization of those 
chemical and physical properties which are shared in some degree by 
all of the nonmetallic elements and a brief delineation of the chemistry 
of several additional nonmetallic elements, viz,, carbon, silicon, nitro- 
gen, phosphorus, and sulfur. The properties of the elements of the 
halogen family will be considered in a separate chapter. 

28.1* Physical Properties of Nonmetals 

Of the predominantly nonmetallic elements, seven are solids (B, C, 
Si, P, S, Se, I) under ordinary atmospheric conditions, only one is a 
liquid (Br), and the remainder (H, N, 0, F, Cl, He, Ne, A, Kr, Xe) are 
gases. The physical properties of these elements present far more 
striking contrasts than do those of the metals (Sec. 25.4). Thus, 
among the nonmetals one encounters the extremely volatile helium 
which boils at ““267°C. (i.c., just 5° above the absolute zero) and the 
nonvolatile element carbon which melts at about 3500^C. Similarly, 
the densities and other physical properties of these elements differ 
tremendously, as will be made more evident by an inspection of the 
table of physical properties of the elements given in the Appendix. , 

Allotropy. Particularly among the nonmetals that are solids 
under ordinary atmospheric conditions, it is frequently found that the 
same element is capable of existing in different physical forms. Thus, 
the element carbon may exist as the crystalline diamond or the amor- 
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phous wood charcoal. Although these elements exhibit striking dif- 
ferences in physical properties, their chemical properties are usually 
not significantly different. If, for example, one should burn samples of 
diamond and wood charcoal in an excess of oxygen, the reaction prod- 
uct in both cases would be carbon dioxide and the two samples of 
carbon dioxide would be found to be identical in all respecte. The 
only important difference involved is the magnitude of the accompany- 
ing energy change. These different physical forms of the same ele- 
ment are known as allotropic forms or allotropic modifications. Although 
allotropy is also encountered among the metals, the best-known 
examples of this phenomenon are to be found among the nonmetals 
and several examples will be discussed in the following pages. 


28.2. Chemical Properties of Nonmetals 

With the exception of the inert gases, most of the nonmetallic ele- 
ments have four or more electrons in their outermost orbits. The 
atoms of these elements tend to gain electrons to form negative ions 
and, as a consequence, the nonmetallic elements in their various forms 
of chemical combination usually exist as simple or complex anions. 
Electrons gained by these atoms are held by the attraction of the posi- 
tive nucleus and the firmness with which these electrons are held 
differs from one nonmetal to another. Since an element that has 
gained one or more electrons may be said to be in an electronegative 
condition, it follows that, to the extent that nonmetals differ in their 
tendencies toward acquisition of electrons,*" these elements exhibit dif- 
ferent degrees of electronegativity. Thus, just as the metals differ 
in their tendencies toward loss of electrons, so the nonmetals differ 
in the opposite direction. 

In this connection, it should be recalled that the nonmetals in 
general (as well as many of the less electropositive metals and the 
metalloids) show pronounced tendencies toward compound formation 
as a result of sharing of electrons (Sec. 15.5). Another property shared 
generally by all the nonmetals (except the inert gases) is that of 
variable valence. The student need only recall the study of the 
various states of oxidation exhibited by elements such as nitrogen and 
sulfur (Secs. 24.3 and 24.4) to appreciate the extent to which variable 
valence is encountered among typical nonmetals. Finally, it should 
be recalled that the nonmetals include those elements whose binary 
compounds with oxygen (e,g,, SO3, P2OB, etc.) or hydrogen {e,g,, HCl, 
IIBr, H 2 S, etc.) react with water to form acidic solutions. Thus, the 
nonmetals are properly designated as the acid-forming elements. 
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CARBON 

Three of the principal sources of carbon are coal, petroleum, and 
natural gas. Thus, the greater part of the world’s available fuel 
resources has consisted of compounds of carbon. Similarly, all forms 
of plant and animal life involve carbon compounds, many of which are 
exceedingly complex. The element carbon is unique in the extent to 
which it combines with a few other elements to form a wide variety of 
compounds. Several hundred thousand compounds are known 
already, and many more are being produced each day in chemical 
laboratories throughout the world. 

28.3. Allotropic Forms of Carbon 

In the solid state, the element carbon exists in three different 
allotropic modifications, viz., amorphous carbon, and the two crystal- 
line forms known as diamond and graphite. Amorphous carbon 
includes numerous common products such as wood charcoal, bone- 
black, coke, lamp black, and carbon black. Each of these varieties 
of crystalline and amorphous carbon 
possesses properties that render it 
useful for a variety of purposes. 

Diamond. The chief sources of 
the diamond are the Kimberley region 
in South Africa, Brazil, and the East 
Indies. The diamond crystal is cu- 
bic, its density is 3.5, and,"" although 
it is the hardest substance known to 
occur in nature, it is brittle and easily 
shattered. The diamond has an un- 
usually high melting temperature 
(3500°C.), does not act as a conductor 
of electricity, and is so inert chemi- 
cally that the combustion of carbon 
in oxygen to form carbon dioxide does 
not occur until a temperature of Book Company, Inc.) 
about 800°C. is reached. Through 

the study of the crystalline structure of the diamond by means of X 
rays it has been found that the carbon atoms in the crystal are 
arranged in tetrahedral form (Fig. 120), each atom being equidistant 
from the four other carbon atoms surrounding it. 

The chief uses of the diamond depend largely upon the properties 
.of hardness and ability to refract light. Diamonds that are trans- 



Fig. 120. — The diamond lat- 
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parent and largely free from impurities that impart discoloration are 
used primarily as gem stones. Diamonds that are variously colored 
(mostly black) are used in polishing, glass cutting, and in the construc- 
tion of the cutting edges of rock drills, rock-cutting saws, etc. Many 
attempts have been made to produce diamonds in the laboratory, but 
none of these efforts has met with other than very limited su(*.cess. 

Graphite. This crystalline form of carbon is found in Ceylon, 
Siberia, Madagascar, and in various regions in central Europe and the 
United States, Canada, and Mexico. The melting temperature of 
graphite is the same as that of diamond, and these two forms of ele- 
mental carbon are also similar in their low degree of chemical activity. 

In contrast to the diamond, however, 
graphite has a relatively low density 
(2.25) and is a good conductor of elec- 
tricity. As shown in Fig. 121, the 
crystal structure of graphite is mark- 
edly different from that of the diamond 
and involves carbon atoms arranged 
in planes of hexagonal ring structure. 
When diamond is heated to 3500°C., 
it vaporizes rapidly and, upon cooling. 
Fig. 121. — The graphite lat- the vapors condense (solidify) in the 

form er graphite 

Book Company, Inc.) Although much graphite is readily 

available in nature, large quantities 
of graphite, which is superior to the naturally occurring material, 
are manufactured artificially by a process invented by the American 
chemist, Acheson. In the Acheson pr(Kess, powdered anthracite coal is 
heated between graphite electrodes in an electric furnace for about 
twenty hours. As shown in Fig. 122, a core of granulated carbon is 
placed in the center of the charge between the two electrodes since the 
powdered €oal alone is a very poor conductor. To exclude air, the 
charge in the furnace is covered with a layer of sand and carbon. 
Utilizing a current of about 200 amp. at 40,000 to 50,000 volts, the 
temperatures produced within the charge are sufficient to volatilize the 


impurities and to convert the carbon (from the coal) into graphite of 
about 99.5 per cent purity. 

Graphite is used in the manufacture of electrodes for high-tem- 
perature furnaces, crucibles, “lead” pencils, pigments, etc. Colloidal 
suspensions of graphite in water, oil, or grease are commonly employed 
as lubricants. The planar leaflike structure of graphite is such that 
the layers in the crystal lattice may easily slide over one another, and 
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the greaselike properties of graphite make this material particularly 
useful in the elimination of friction. 

As indicated previously, the so-called amorphous varieties of carbon 
embrace numerous common materials. It is perhaps improper to 
designate all these materials as truly amorphous. Some of these 
materials contain less well-defined crystalline structures comparable 
to that of graphite but with a much less well-ordered and regular 
orientation of carbon atoms. Nevertheless, these materials have long 
been known as forms of amorphous carbon. 

Wood Charcoal. In addition to a rather wide variety of other 
products (Sec. 35.4) wood charcoal is produced by heating wood, nut 
shells, etc., in the presence of a limited supply of oxygen. This opera- 
tion is commonly known as coking or destructive distillation. After all 
the volatile products have been removed, the residue amounts to 



Fig. 122. — Electric furnace for the production of graphite by the \cheson process. 


about 20 per cent of the original weight of wood and consists of about 
97 per cent carbon. The remaining 3 per cent is made up of non- 
volatile minerals present in the wood. The chief use of charcoal is 
found in the iron and steel industry but, in addition, significant 
quantities are used as a fuel in the form of briquettes or in powdered 
form. Some wood charcoal is employed as a material for filtering 
rain water and as a low-temperature absorbent for certain vapors. 
Cocoanut charcoal is used to absorb poisonous gases in gasmasks. 

Boiieblack. By heating “green” bones, one obtains a nonvolatile 
residue known as boneblack or animal charcoal This product contains 
only about 10 per cent of finely divided carbon uniformly distributed 
throughout a porous mass of (principally) calcium phosphate. Because 
the carbon in this product has the ability to adsorb many colored com- 
pounds, it serves as an excellent decolorizer for sugar sirups, as well as 
many other colored and turbid solutions. 

Coke. Just as the destructive distillation of wood yields wood 
charcoal and volatile products, so the heating of bituminous coals 
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results in a wide variety of useful volatile materials (Sec. 35.3) and 
amorphous carbon in the form known as coke. The chief uses of coke 
are in connection with the iron and steel industries, but important 
quantities of this form of carbon are also used as a fuel in other indus- 
tries and in the home. 

Lamp Black. A relatively pure and very finely divided form of 
amorphous carbon known as lamp black is produced by burning light 
oils (whicli are rich in carbon) in a limited supply of air. The soot is 
collected in settling chambers upon coarse cloth screens through which 
the smoke must pass. Lamp black is used in the manufacture of inks, 
paints, stove polish, crayons, carbon paper, etc. 

Carbon Black. This material is also nearly pure carbon and is 
produced by the incomplete combustion of natural gas. This process 
is exceedingly wasteful. Although the burning of 1000 cu. ft. of 
natural gas should theoretically yield 30 lb. of carbon black, a yield 
of only about lb. is ordinarily obtained. This finely divided 
variety of carbon is used in very large quantities as a filler in the manu- 
facture of automobile tires and other rubber goods. Carbon black is 
also used in the manufacture of phonograph records, printing inks, 
and certain types of lacquers. 


SIIJCON 

In comparison with carbon, the related element silicon is relatively 
unimportant, so far as uses for the uncombined element are concerned. 
Most of the silicon produced commercially is used in the metallurgical 
industries either as such or in connection with the manufacture of a 
useful iron-silicon alloy known as ferrosilicon. It is rather surprising 
that one of the most abundant of all the elements should find so few 
commercial applications. 

28.4. Preparation and Properties of Silicon 

Elemental silicon of about 98 per cent purity may be produced by 
the reduction of silicon dioxide by aluminum. 

3Si02 4" 4AI — > 3Si -f* 2Al20a 

The crude silicon is then dissolved in molten aluminum, cooled, and the 
aluminum dissolved by dilute hydrochloric acid. There remains ele- 
mental silicon in a crystalline form similar to that of the diamond. 

Silicon is a very hard but brittle element having a melting tempera- 
ture of 1422® and a density of 2.40. This element is fairly reactive 
toward the halogens and solutions of strong bases such as potassium 
hydroxide. Silicon reacts less readily with oxygen to form silicon 
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dioxide and with other elements similarly to form a class of binary 
compounds known as silicides, 

NITROGEN 

In relation to the vital processes of all living forms of matter, only 
a few elements are more widely utilized than nitrogen. Directly or 
indirectly, all forms of plant and animal life are dependent upon the 
availability of nitrogen in the form of its compounds. Although large 
deposits of nitrogen compounds are found in nature, e.g,, the extensive 
deposits of sodium nitrate (commonly known as Chile saltpeter) which 
are found in Chile, Argentina, Peru, Bolivia, California, and elsewhere, 
these supplies are inadequate to permit the maintenance of soil fer- 
tility and the continuation of presently existing forms of life. It is 
therefore necessary to utilize in some way the available supplies of 
nitrogen in the atmosphere. 

28.5. Fixation of Atmospheric Nitrogen 

Nitrogen gas constitutes about four-fifths of the atmosphere; hence, 
tremendous supplies of this element are available. Elemental nitrogen 
may be converted into compound forms by several methods. Although 
animals cannot utilize atmospheric nitrogen directly, certain plants can 
do so. The bacteria that live in the nodules (Fig. 123) on the roots of 
legumes such as peas, beans, and clover are able to convert atmospheric 
nitrogen into forms that can be utilized by the plants with which 
these bacteria arc associated. Some atmospheric nitrogen also becomes 
“fixed” through the agency of electric discharges (lightning) during 
thunderstorms. In these discharges, atmospheric nitrogen and oxygen 
combine to form oxides of nitrogen which dissolve in the failing drops 
of rain and are thereby imparted to the soil. It is a surprising fact 
that the quantity of nitrogen made available in this manner amounts 
to more than 5 lb. per acre per year. In addition to the foregoing 
methods, several artificial processes for the fixation of atmospheric 
nitrogen have been devised and are used extensively. These will be 
discussed in some detail in the next chapter. 

28.6. Preparation of Nitrogen 

The preparation of pure nitrogen on a laboratory scale is best 
accomplished by the formation and subsequent decomposition of 
ammonium nitrite. These reactions are effected in aqueous solution 
by warming the reactants cautiously, 

NH+CI- + Na+NOr Na+Ch -|- NH+NOr 
NHJNOr -h heat Na + 2HaO 
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Pure nitrogen is also formed when gaseous ammonia is passed over 
heated copper oxide and the resulting gaseous mixture is dried. 

• 3CuO -f* 2N Hfs — ^ 3Cii -}- 1^2 

Nitrogen may also be produced directly from air by the fractional 
distillation of liquid air (Sec. 6.2) or by passing air over heated copper. 



i’lG. 123. — Soybean roots with nodules that contain nitrogen-fixing bacteria. 
(Courtesy of U.S. Dept, of Agriculture, Bureau of Plant Industry.) 

In the latter case, oxygen is removed by combination with the copper 
to form copper oxide, but the resulting nitrogen is not entirely pure 
since it is contaminated by the inert gases present in the original sample 
of air. 
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28.7. Properties and Uses of Nitrogen 

Pure gaseous nitrogen is tasteless, odorless, colorless, and does not 
support combustion. This gas is slightly lighter than air, 1 liter 
weighing 1.25048 g. under standard conditions of temperature and 
pressure. The very slight solubility of nitrogen in water is shown by 
the fact that, at 25'^C., 100 g. of water will dissolve only 0.0019 g. of 
nitrogen. Solid nitrogen melts at — 209.8°C., and the pure liquid 
boils at — 195.8®C. 

Chemically, the element nitrogen is somewhat unreactive. Under 
appropriate conditions, however, it combines with hydrogen to form 
several hydrides, the most important of which is the gas ammonia 
(NH3). Nitrogen also combines with oxygen to form several different 
oxides (e.^., NoO, NO, N2O3) and with other nonmetals and metals to 
form a class of binary compounds known as nitrides, c.r/., S4N4, AIN, 
Mg3N2, etc. 

The large-scale uses of nitrogen are those involving the commercial 
production of nitrogen compounds such as nitric acid, ammonia, and 
cyariamide (Sec. 29.10). Although appreciable quantities of nitrogen 
are used in a process known as niiriding which is employed in the 
hardening of steel, gaseous ammonia has come into use recently as the 
source of nitrogen required for this process. 

PHOSPHORUS 

It is an interesting fact that the two elements most necessary in the 
maintenance of soil fertility are the related elements nitrogen and 
phosphorus, which occupy adjacent positions in periodic Group V. 
Phosphorus occurs in nature only in the combined form, chiefly as the 
mineral phosphorite [Ca 3 (P 04 ) 2 ]. Impure calcium phosphate, known 
as phosphate rock, is mined extensively in Tennessee, Florida, Montana, 
and Idaho. Large deposits of this mineral are also found in Morocco 
and Tunisia in North Africa. 

28.8. Allotropic Forms of Phosphorus 

Solid phosphorus exists in two distinct allotropic modifications and 
is also commonly encountered in a form consisting of a mixture of the 
two. White (or yellow) phosphorus is a translucent, waxlike solid 
which melts at 44°C., boils at about 290°C., and has a density of 1.83. 
When vaporized, the resulting gas consists of tetra-atomic molecules 
(P 4 ) up to a temperature of about 1500®, whereupon these molecules 
partly dissociate into (and exist in equilibrium with) diatomic mole- 
cules (P 2 ). White phosphorus is insoluble in water but is soluble in 
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solvents such as ethyl ether and carbon disulfide. Great care should 
always be exercised in handling this form of phosphorus since it is 
highly inflammable and very poisonous. Skin burns caused by phos- 
phorus are very slow to heal and exceedingly painful. 

When white phosphorus is heated above 250°C. in the absence of 
air and in the presence of a trace of iodine which serves as a catalyst, 
the white modification is incompletely converted to violet phosphorus. 
Since this conversion is seldom complete, the resulting amorphous 
material consists of the white and violet allotropes and because of its 
brownish-red appearance is known as red phosphorus. Relatively 
little is known about the nature of violet phosphorus. It is best pre- 
pared by heating white phosphorus under high pressures or by crystal- 
lization from molten lead. Violet phosphorus has a metallic appear- 
ance, is noninflammable, and has a density of 2.69. 

Because it is a mixture, the physical properties of red phosphorus 
are variable. Thus, the density ranges from 2.10 to 2.34, depending 
upon the completeness of the transformation from the white to the 
violet modification. The vapor formed when red phosphorus is 
heated is identical with that from white phosphorus; in either case, 
condensation of these vapors produces white phosphorus. The red 
modification is much less active chemically than the white variety and 
is insoluble in those solvents which dissolve white phosphorus. 

28.9. Preparation and Uses of Phosphorus 

The preparation of elemental (white) phosphorus is carried out in 
an electrically heated furnace into which a mixture of phosphate rock, 
sand, and coke is fed continuously by means of a screw conveyer. 

2 Ca 3 (P 04)2 + IOC + eSiOz P 4 4- IOCO -f SCaSiOa 

The phosphorus vapor distills out of the furnace and is liquefied in a 
condenser, after which the liquid is filtered and cast into sticks in 
molds immersed in water. The molten calcium silicate is withdrawn 
from the bottom of the furnace and solidified as a slag. 

The greater part of the elemental phosphorus produced in this 
country is used in the manufacture of a type of alloy known as phosphor 
bronze. In chemical warfare, smoke screens have been produced by 
the ignition (by reaction with atmospheric oxygen) of white phos- 
phorus liberated from shells, grenades, or bombs. Dense clouds of 
white smoke were formed owing to oxidation of phosphorus to form 
finely divided particles of P2O3 and PuOs. Burning white phosphorus 
is also useful as an antipersonnel weapon. Another important applica- 
tion for phosphorus lies in its use in the production of phosphorus 
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sesquisulfide (P4S3) which is used in the manufacture of matches, and 
in the production of other compounds of phosphorus. The chief use 
of the “red’’ modification of this element is also in the manufacture of 
matches. 

Matches. For many years, matches were made by dipping sticks 
of wood into a paste made of glue, lead dioxide, and white phosphorus. 
Long exposure to white phosphorus sometimes causes horrible diseases 
of the bones. For this reason and because of the constant fire hazard, 
the use of white phosphorus in the manufacture of matches is pro- 
hibited by law. The modern strike-anywhere match has a head con- 
sisting of a mixture of potassium chlorate, paraffin, glue, and finely 
ground glass. The tip of the match head also contains some phos- 
phorus sesquisulfide (P4S3). Ignition of the P4S3 by friction initiates 
combustion, which then extends to the KCIO3, the paraffin, and finally 
to the wood. In the case of the safety match, a side of the matchbox 
is coated with a mixture of red phosphorus, ground glass, and glue. 
The head of the match is a mixture of potassium chlorate (the source 
of oxygen), antimony trisulfide (Sb 2 S 3 ) (the combustible material), and 
glue. Thus, tlie head of the match contains no phosphorus or sesqui- 
suHide, and such a match can be ignited readily only by friction against 
the side of the box bearing the red phosphorus which ignites the mate- 
rials in the match head. 


SLTLFUR 

Attention has already been directed toward the generality and 
extent of the occurrence of sulfur in the form of simple and complex 
sulfides of the heavy metals (Sec. 25.1). Of greater consequence, 
however, are the vast underground deposits of nearly pure elemental 
sulfur found in the Gulf coast areas of Louisiana and Texas. Less 
extensi ve and less pure deposits of elemental sulfur are also found in a 
number of other countries, principally Sicily, Spain, Chile, Mexico, find 
Japan. 

28.10. Mining of Sulfur 

In Sicily, sulfur occurs as crystalline deposits disseminated in 
porous limestone and gypsum. After underground or open-pit surface 
mining, the crude sulfur-bearing ores are crushed and then treated in 
the Calcarone furnace. Such a furnace consists of a large vertical 
cylindricaJ masonry structure having a sloping bottom. The charge 
is ignited at the top, and the rate of burning is regulated so as to use the 
minimum amount of sulfur to produce the heat necessary to melt the 
remainder. Nevertheless, from 30 to 35 per cent of the available 
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sulfur is burned to sulfur dioxide. The molten sulfur flows down the 
sloping bottom to an opening where it is cast into molds. This rather 
impure product is the common commercial material known as brim- 
stone. To remove impurities such as arsenic and selenium, this crude 
sulfur must be purified by distillation. 

The crude sulfur-bearing ores of Japan are charged into furnaces 
and the sulfur is distilled out; the resulting vapors are liquefied and 
cast into “mats” of solid sulfur. 

Frasch Process. In the United States, elemental sulfur is made 

available by the ingenious Frasch 
process (Fig. 124). A well is drilled 
into the sulfur-bearing rocks which 
occur at an average depth of about 
1000 ft. but which may be at 
depths as great as 1600 to 2000 ft. 
A 10-in. surface casing is cemented 
into the cap rock to block off the loose 
overlying formations. The well is 
then equipped with three concen- 
tric pipes, one of which is a 6-in. hot 
water (steam) pipe, the second is a 
3-in. sulfur line, and the third is a 
1-in. compressed-air line. Steam 
heated to 160° to 170°C. and forced 
under pressure through the 6-in. 
pipe into the well serves to melt 
the sulfur. Compressed air under a 
pressure of 500 lb. per sq. in. is 
sent into the well through the 1-in. 
pipe. Air bubbles become trapped 
in the molten sulfur and render the 
liquid sulfur-water mixture lighter 
and therefore easier to force to the 
surface (through the 3-in. pipe) by the pressure supplied by the com- 
pressed air. At the surface, the molten sulfur flows into metering 
tanks (Fig. 125) and then is pumped through steam-jacketed pipes to 
a central solidification vat (Fig. 126). Such vats hold from 400,000 to 
750,000 tons of sulfur of an average purity of 99.50 per cent and a 
maximum purity of 99.95 per cent. A single well may deliver as much 
as 400 to 600 tons per day. 

The development of the Frasch process, first used successfully in 
1891, has made this country substantially independent of foreign 



Fig. 124. — Diagram showing the 
piping of a sulfur well. {Courtesy of 
Texas Gulf Sulfur Company.) 
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sources of sulfur. An inspection of Table 38 shows the growth of this 
country as a producer of sulfur (in relation to world production) and 
the rapid decline in the quantity of sulfur imported. 


TABLE 38* 

Production of Sulfur in Metric Tons 


Year 

United States 
imports 

United States 
production 

World 

production 

1895 

126,760 

1,676 

.398,916 

1900 

167,328 

4,630 

.581,282 

1901 

175,310 

6,977 

604,930 

1902 

176,951 

7,565 

552,996 

1903 

190,931 

35,660 i 

631,035 

1904 

130,421 

196,588 

767,249 

1905 

84,579 

218,440 

830,609 

1910 

30,544 

259,699 

1 787,732 

1915 

24,647 

299,133 

860,000 

1920 

44 

1,542,059 

1,941,052 

1925 

102 

1,431,912 

2,213,330 

1930 

29 

2,558,981 

3,091,709 

1935 

1,763 

1,632,590 

2,254,000 

1939 

14,000 

2,091,000 

2,900,000 


* Courtesy of Badger and Baker, “Inorganic Chemical Technology,” McGraw-Hill Book 
Company, Inc., New York, 1941. 


28.11. AUotropic Forms of Sulfur 

Solid sulfur exists in two crystalline modifications. Rhombic sul- 
fur consists of Ss molecules, is stable at temperatures below 95.5°C., 
has a specific gravity of 1.96, and is soluble in carbon disulfide. At 
95.5®C., rhombic sulfur changes slowly with absorption of heat, into 
the monoclinic form. Molten rhombic or monoclinic sulfur also con- 
sists of Ss molecules which exist as a pale yellow, thin, and limpid 
liquid known as X-sulfur. When the temperature is raised, X-sulfur 
is slowly converted to dark and viscous ju-sulfur which consists of Se 
and S 4 tiolecules and which is considered to be the amorphous variety 
of sulfur. In carbon disulfide, X-sulfur is soluble and /z-sulfur is 
insoluble; thus a separation of the two forms is permitted. 

When liquid sulfur that has been heated extensively above its 
melting temperature is chilled suddenly, there is obtained a mass of 
“plastic “ sulfur which owes its plasticity to its high content of g-sulfur. 
If sulfur is sublimed (Sec. 1.9), the vapors condense in the form of very 
fine and usually very pure crystals known as flowefs of sulfur. 
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28.12. Uses of Sulfur 

In the elemental form, sulfur is used (a) in the vulcanization of 
rubber, (b) in the manufacture of black powder, (c) as a fungicide (in 
powder form) particularly in the growing of grapes, and (d) as “lime- 
sulfur” spray for fruit trees. Although the above uses require 
considerable amounts of this element, the great bulk of the world’s 
production of sulfur goes into the manufacture of sulfur dioxide whit^h 
may be used as such or converted to otiier industrially important sulfur 
compounds, some of which will be discussed in the next chapter. 

EXEHCISES 

1, Give a brief siuniiiary of (a) the physical properties, and (b) the cheinit al 
properties that are generally characteristic of the noninetallic elements. 

2. If element A is more electronegative than element B, which would be th(‘ 
better oxidizing agent Justify the answer given. 

,3. In what respect do the allotropic modifications of a given element differ 
most markedly ? 

4. Should plastic sulfur be considered as a distinct allotropic form of sulfuri> 
Why or why not? 

5. Given the possibilities of reaction between (a) a highly electropositive metal 
and a highly electronegative nonmetal* and (6) two liighly electronegative non- 
metals, which pair would more likely combine by sharing of electrons? Which 
pair would combine the more readily? In each case, cite arguments consistent 
with the answer given. 

6. What raw materials are required for (a) the operation of the Acheson 
process, (6) the commercial production of white phosphorus, (c) the commercial 
production of elemental silicon? 

7. Write equations representing the reactions involved in (a) the preparation 
of pare gaseous nitrogen, (b) the reduction of silicon dioxide by aluminum, (c) the 
liberation of phosphorus from phosphate rock. 

8. List the most important uses for each of the following: (a) graphite, {b) 
colored diamonds, (c) sulfur, (d) red phosphorus, (e) nitrogen, (/) white phos- 
phorus, (g) silicon. 

9. List the raw material from which each of the following materials is produced 
and indicate the most important uses of each: (a) lamp black, (6) wood charcoal, 
(c) boneblack, (d) carbon blacrk, (e) coke, 

10. By what natural methods is the fixation of atmospheric nitrogen accom- 
plished ? 

11. What bearing does the crystalline structure of graphite have upon the 
properties of this form of carbon ? 

12. In view of previous use of terms ending with the suffix, -ide, what would l)e 
implied by the use of the term phosphide? 

13. If one used phosphate rock ore containing 26 per cent calcium phosphate 
in a process having an over-all efficiency of 80 per cent, what weight of phosphorus 
would be obtained by processing 3.5 tons of this ore? 

14. Draw a simplified diagram showing the essential features of the Frasch 
process. 
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15. Give the specnfie iiaines and at least one distiiif^uishing characteristic of 
two allotropic forms of each (^f the following elements: (a) sulfur, (b) carbon, (r) 
phosphorus. 

16. What volume of nitrogen (at and 710 mm.) would be formed if 1 lb. 

of copper were produced by the reaction between gaseous ammonia and hot (topper 
oxide? 
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CHAPTER XXIX 


SOME BINARY COMPOUNDS OF NONMETALLIC 

ELEMENTS 

Tn the preceding chapter, the preparation, properties, and uses of 
several typical nonmetals were considered in some detail. The student 
will recognize that these elements are capable of forming many binary, 
ternary, and complex compounds and that the task of becoming famil- 
iar with all these iiidividual substances would be a formidable one. 
Because only a few of thcvse compounds warrant consideration from the 
standpoint of their practical utility, this chapter is concerned with the 
study of the more important binary compounds of the elements 
treated in the preceding chapter. Other binary and ternary com- 
pounds of nonmetals will be encountered in the study of Chaps. XXX 
to XXXII. 


OXIDES OF CARBON 

The element carbon forms three compounds with oxygen, the most 
common being the dioxide (CO2). The others arc the very poisonous 
carbon monoxide (CO) and the relatively less well-known carbon sub- 
oxide (C2O3). 

29.1. Carbon Monoxide 

The preparation of pure gaseous carbon monoxide may be accom- 
plished by the endothermal reaction between carbon dioxide and hot 
carbon at elevated temperatures. 

CO 2 C — > 2CO — 41,500 cal. 

Much carbon monoxide is produced in this manner when coal or coke 
is used as a fuel under conditions such that the supply of oxygen is 
limited and carbon is present in excess. The carbon dioxide first 
formed reacts with the excess carbon to form the monoxide. This gas 
is also formed in limited quantities by the incomplete combustion of 
liquid fuels in internal-combustion engines. 

For laboratory-scale use, the preparation of carbon monoxide is 
accomplished best by the thermal decomposition of formic acid or 
sodium formate. 
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HCOOH -{- heat CO + H2O 
HCOONa + heat --v CO + Na+OH“ 

From the first of the above equations, it is evident that carbon monox- 
ide is the anhydride of formic acid. 

Properties of Carbon Monoxide. Carbon monoxide is a color- 
less, odorless, and tasteless gas which is slightly lighter than air and 
only very slightly soluble in water. Carbon monoxide has a pro- 
nounced tendency toward combination with oxygen (to form carbon 
dioxide) and burns in oxygen with a bright, blue flame. Because of its 
affinity for oxygen, carbon monoxide is an excellent reducing agent for 
the reduction of oxides of the metals. The student will recall the use 
of carbon monoxide in connection with the metallurgy of iron (Sec. 
27.2). Similarly, oxides of metals such as copper and lead are reduced 
when heated in the presence of carbon monoxide. 

CuO “f- CO — ^ Cu -f- CO2 
PbO 4- CO Pb + CO 2 

Carbon monoxide is an extremely toxic gas. Inhalation of air 
containing 1 volume of carbon monoxide in 300 volumes of air causes 
death in a few minutes. The hemoglobin (red coloring matter) of the 
blood forms an unstable union with oxygen and carries this oxygen 
to all parts of the body. Carbon monoxide, however, forms a very 
stable compound with hemoglobin and thus renders it incapable of 
performing its function as an oxygen carrier. Accordingly, death from 
carbon monoxide poisoning is the result of an inadequate supply of 
oxygen in the various parts of the body. Many lives are lost each 
year because of failure to provide for the elimination of carbon monox- 
ide resulting from the incomplete burning of natural gas in home heat- 
ing units, from allowing automobile engines to operate in closed 
garages, from explosions in mines, etc. 

29.2. Preparation of Carbon Dioxide 

The commercial production of carbon dioxide by the reaction 
between steam and either methane or hot carbon has already been 
described (Sec. 8.5). Carbon dioxide produced industrially as a 
by-product of the combustion of fuels such as coal and coke is reclaimed 
by reaction with aqueous sodium carbonate solution. 

CO2 + Na+COr + H2O 2 Na+HCOr 

The resulting sodium hydrogen carbonate is heated to liberate carbon 
dioxide gas, 

2Na+HCOr NaJCOr + CDj 4- HjO 
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and the sodium carbonate is used over again. Carbon dioxide is also 
formed as a by-product of the manufacture of lime by the thermal 
decomposition of carbonaceous rocks, 

CaCOs “f" heat — ► CO 2 “f" CaO 

and as a by-product of certain fermentation processes used in the pro- 
duction of alcoholic beverages. 

In the laboratory, carbon dioxide is prepared most conveniently 
by treating a carbonate with a strong acid, 

NajeOr + H+SOr H2CO3 + IMa+SOr 

and collecting (over water) the carbon dioxide resulting from the 
decomposition of the unstable carbonic acid. 

H2CO3 — > H2O COa 


29. 3, Properties of Carbon Dioxide 

Carbon dioxide is a colorless, odorless gas, which does not support 
combustion and which is about 1.5 times as heavy as air. Under a 
pressure of 1 atm., the pure gas solidifies at — 78.47®C. At room tem- 
perature and at atmospheric pressure carbon dioxide dissolves in water 
to the extent of about one volume of the gas to one volume of water. 
With increase in pressure, the solubility increases in accordance with 
Henry’s law (Sec, 9.6) until a pressure of about 6 atm. is reached, after 
which the increase in solubility is less pronounced. 

That carbon dioxide is an unusually stable compound is shown by 
the fact that it is not appreciably decomposed by heat except at very 
high temperatures. Above 2000°C., partial decomposition occurs in 
accordance with the equation, 

2CC)2 ^ 2ti0 "f" U 2 

Attention has already been called to the fact that carbon dioxide is 
reduced to the monoxide by reaction with hot carbon (Sec. 8.5). By 
reaction with water, carbon dioxide (carbonic anhydride) reacts to a 
limited extent to form carbonic acid. 


HaO -f- CO2 HaCOg 

in an equilibrium the forward reaction of which is favored by an 
increase in pressure and by the slight ionization of the resulting very 
weak electrolyte. 


HaCOg ^ H+ + HCOr Ki ^ ^ X 10-^ 

Hcor + cor Ki ^ex lo-u 
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29.4. Uses of Carbon Dioxide 

Large quantities of carbon dioxide are consumed in the manufacture 
of carbonates of sodium by tlie Solvay process (Sec. 32.4) as well as in 
the production of other chemicals. A more familiar large-scale use 
for this simple compound is in the production of carbonated beverages. 
“Soda water” is produced by dissolving carbon dioxide in water con- 
taining suitable flavoring agents, by application of pressures of from 
4 to 8 atm. (60 to 120 lb. per sq. in.). When the carbonated liquid is 
withdrawn into an open glass, the pressure is reduced to 1 atm, the 
solubility decreases, and the excess gas escapes 
and produces the effect of effervescence. 

Fire Extinguishers. Because carbon di- 
oxide does not support combustion, this gas 
finds extensive application in the manufacture 
of several different kinds of fire extinguishers. 
Tn the type shown in Fig. 127, inversion of the 
apparatus permits the stopper A to fall from 
t he mouth of a bottle B, which contains sulfuric 
acid. This permits the acid to mix with the 
sodium carbonate (or sodium hydrogen carbon- 
ate) solution contained in the main vessel and 
to generate carbon dioxide gas. 

NafCOr + HtSOr Na+S 07 + H 2 O + CU 2 

Some of the gas dissolves in the aqueous solu- 
tion, and the gas pressure developed within the 
apparatus forces the mixture out through tlie 
nozzle C, which is directed onto the flame. If 
some heavy molasses or similar gluelike material 
is added to the sodium carbonate solution and 
some aluminum sulfate is added to the sulfuric acid, the solution issues 
from the nozzle in the form of a foam in which the carbon dioxide gas 
is trapped. This heavy blanket of foam containing carbon dioxide 
settles over and around the burning object. The aluminum sulfate 
hydrolyzes to form aluminum hydroxide which, at the temperature of 
the flame, dehydrates to produce a crust of aluminum oxide over the 
flame. Both effects serve to extinguish the flame. The common 
Foamite fire extinguisher is an example of this type. 

Dry Ice. If a commercial cylinder of liquid carbon dioxide is 
inverted and some of the liquid allowed to run out into a cloth bag or 
a special perforated metal container, only a part of the liquid will 



Fig. 127. — Fire extin- 
guisher. 
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evaporate. That which evaporates takes heat from the remainder and 
causes it to solidify in the form of a white solid resembling snow. This 
material, compressed into blocks, is sold commercially as dry ice. 
Since this solid vaporizes directly to a gas at — 78.47°C., evaporation 
produces no liquid residue. For this reason alone, the advantages of 
this dry refrigerant are obvious. The future will doubtless see a great 
expansion of the use of dry ice as a refrigerant. 

When dry ice is mixed with a volatile liquid such as ether or acetone, 
a freezing mixture providing temperatures within the range of — 90° to 
-~100°C. (depending upon the pressure) results. Such freezing mix- 
tures are commonly employed in scientific laboratory work where the 
maintenance of low temperatures is desired. 

CARBIDES 

Although the general term carbide applies to the binary compounds 
of the element carbon, this term is used in systematic nomenclature 
only when carbon is the more electronegative of the two elements 
involved. Thus, CO 2 is called carbon dioxide and not oxygen carbide 
since oxygen is more electronegative than carbon. Although carbon 
forms binary corApounds with most of the nonmetals, metalloids, and 
metals, only a few of the more common members of this class will be 
considered here. 

29.5, Carbon Disulfide 

Carbon disulfide (CS 2 ) is produced commercially by the direct 
union of sulfur vapor and hot carbon at considerably elevated tempera- 
tures in a furnace of the type shown in Fig. 128. The reaction must be 
carried out in the absence of air. Solid sulfur and carbon (usually in 
the form of coke) are fed continuously into the furnace which is heated 
electrically to a temperature sufficient to vaporize the sulfur and to 
maintain the carbon at a temperature such that combination will occur 
when the sulfur vapor comes into contact with the solid carbon. Since 
carbon disulfide is a low-boiling liquid (46°C.), it passes out of the 
furnace from which the vapors are conducted into a condenser. 
Although the resulting pale-yellow liquid may be purified by distilla- 
tion, the crude product is used directly for many purposes. 

The yellow color of commercial carbon disulfide is due to the 
presence of small amounts of dissolved sulfur. The rather disagreeable 
odor of this material is also due to the presence of impurities. Carbon 
disulfide is a highly flammable liquid which is very poisonous and 
which is only very slightly soluble in water. 

The large-scale uses of carbon disulfide center largely about its 
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properties as a solvent. Many fats, oils, waxes, and resins are abun- 
dantly soluble in this liquid. Despite the disadvantages attendant 
upon its volatility, flammability, and toxicity, carbon disulfide is used 
extensively as a solvent and in processes for the manufacture of rubber 
products, lacquers, varnishes, cellophane, etc. Because of its toxicity, 

this compound is used to some extent 
as an insecticide and as a poison for 
rodents. 

29 . 6 . Silicon Carbide 

Silicon carbide (SiC) more famil- 
iarly known by the trade name Car- 
borundum, is produced by heating a 
mixture of coke, sawdust, sand, and 
salt to about 3000°C. in an electrics 
furnace (Fig. 129). 

Si02 ~h 3C — > SiC 2 CO 

The salt is added to the charge placed 
in the furnace in order to render the 
charge a better conductor and to per- 
mit the partial removal of any iron 
present. This latter is accomplished 
owing to the formation of iron chloride 

P'lG. 128. — Electric furnace for the which is volatile at the temperature of 
production of carbon disulfide. 

entire charge more porous and thus facilitates the escape of volatile 
products. Because the charge as a whole is not a particularly good 
conductor, a core of pure carbon is placed in the center of the charge. 
When the heated charge is cooled, a mass of crystals of silicon carbide 
forms in the region of the carbon core. 



Fig. 129. — Electric furnace for the production of silicon carbide. 


The product thus obtained consists of sharp iridescent crystals 
which are extremely inactive chemically. The most notable property 
of this material, however, is its hardness. Carborundum is almost as 
bard as diamond and is used in general as an abrasive, Le,, in the manu- 
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facture of grinding stones and wheels, polishing papers and cloths, etc. 
A lesser use lies in the incorporation of coarse Carborundum crystals 
into concrete or terrazzo floors to render them slipproof. 

29.7. Calcium Carbide 

The calcium compound having the formula CaC 2 is that which is 
implied when the common term carbide is used. That is, just as the 
term salt commonly denotes sodium chloride, so the term carbide is 
applied to calcium carbide. This compound is formed commercially 
by the reaction between quicklime and coke in an electric furnace at 
2800° to 2900°C. 

CaO -j- 3C — ► CaC2 H“ (D'(3 

The equipment is designed so as to permit continuous and automatic 
operation, and the resultant molten calcium carbide is withdrawn from 
the furnace and allowed to cool, whereupon it solidifies to a dense gray 
solid. 

Calcium carbide is an important chemical in the manufacture of 
a(‘,etylene (Sec. 33.8), 

CaCa -f 2H2O C;H 2 + Ca++(qi^ 

and in the manufacture of calcium cyanamide (Sec. 29.10), 

CaC 2 + N 2 CaNCN 

which, in turn, is used in the production of ammonia, sodium cyanide, 
etc. 


OXIDES OF SILICON 

The nonmetal silicon forms two oxides, SiO and Si02. The monox- 
ide is relatively unimportant while silicon dioxide is a compound of 
major value in many chemical processes and products. 

29.8. Silicon Monoxide 

When silicon dioxide is reduced by carbon at high temperat ures, 
silicon monoxide is formed. 

Si02 “h D — ► SiO -|-CO 

Silicon monoxide is a light-brown solid which finds limited use as a 
pigment. 

29.9. Silicon Dioxide 

Because silicon dioxide is so readily available in nature, there is only 
infrequent need to produce this compound in either the laboratory or 
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the plant. Many familiar materials consist of silicon dioxide (or 
silica) in varying degrees of purity. Thus, flint, agate, amethyst, 
quartz, onyx, opal, granite, petrified wood, sand, sandstone, etc., are 
all materials that consist entirely or largely of silica. The student will 
recognize that all these materials have a variety of common uses and 
will recall, from preceding discussions, cases in whicli silicon dioxid(^ 
is used in certain commercial chemical processes. 

One of the most significant properties of silica is its resistance to 
chemical attack. This compound is insoluble in water and is unreac- 
tive toward all acids except hydrofluoric with which the following 
reaction occurs: 

Si02 -f 4H+F- — S 1 F 4 + 2 H 2 O 

Willi strung bases such as sodium hydroxide, silica reacts to form 
silicates, 

SiO^ + 2 Na+OH- Na+SiOj - 1 - H 2 O 

from which it is seen that SiO^ is the anhydride of silicic acid (H2Si03). 
When silica is fused with dry sodium carbonate, sodium sulfate, or any 
salt formed from an acid having a volatile anliydride, the latter is 
released and silicates are produced. 

Na2+CO^ + SiOs Naj-SiOg- 4- CO 2 
NaJSOr 4- Si02 Na+SiOr + SO3 

Finally, attention should be called to the marked contrast between tlie 
properties (both chemical and physical) of the related compounds, CO2 
and Si02. 

AMMONIA 

Of the simple hydrogen compounds of the elements, only water is 
more widely useful than ammonia. In the gaseous and liquid states, 
and in solutions, ammonia serves a variety of needs in the chemical 
laboratory, the home, and the industries. 

29.10. Production of Ammonia 

For small-scale laboratory use, amnionia may be prepared by any 
of the following methods. 

1 . Treatment of an Ammonium Salt with a Strong Base, This is 
perhaps the best available laboratory method and is illustrated by the 
following equations: 

(NHOfSOr 4- 2Na+OH- NafSO: -f 2fTR3 4- 2 H 2 O 
2NHJ-CI- + Ca'^^+(OH)7 Ca+^CI^ 4- 2TTR8 -f 2 H 2 O 




Sec. 29.10] SOME BINARV COMPOUNDS OF NONMETALLIC ELEMENTS 381 


2. Dissociation of an Ammonium Salt Gaseous ammonia is 
liberated by heating the normal ammonium salt of a (relatively) non- 
volatile acid, e,g.y 

(NHd+SO: -f heat NH+HSOr + NHs 

Ammonium phosphate would serve equally well. If, however, one 
used the ammonium gait of a volatile acid such as hydrochloric, 

-f- heat — > NHs RCl 

ammonia would be liberated together with hydrogen chloride gas and 
the two gases would recombine to form the original salt, ammonium 
chloride. 

3. Hydrolysis of the Nitride of a Metal. The nitrides of metals such 
as magnesium react with water to produce ammonia and the hydroxide 
of the metal; thus, 

Mg3N2 4" 6HOH — ► 3Mg(OH)2 -f- 2 TTR 3 

4. Volatilization of Ammonia from Aqueous Solutions. When an 
aqueous solution of ammonia (ammonium hydroxide) is warmed, some 
of the dissolved ammonia volatilizes in the gaseous form. This result 
is to be anticipated in the light of the manner in which the solubility of 
gases in liquids is generally influenced by an increase in temperature 
(Sec. 9.6). In the use of this method, the quantity of heat supplied 
should be such that a minimum quantity of water will be vaporized. 

None of the preceding methods would be suitable for industrial 
use. For many years the bulk of the ammonia produced commercially 
was obtained as a by-product of the destructive distillation of coal 
(Sec. 35.3) . More recently, however, there have been devised processes 
that are far more satisfactory. 

Haber Process. This method, which is sometimes called the 
synthetic ammonia process, is based upon the following reactions: 

N 2 + 3 H 2 2RH» + 24,400 cal. 

The manner in which this equilibrium is influenced by changes in tem- 
perature and pressure has been discussed in Chap. XII and should be 
reviewed by the student. In practice, ammonia is produced by the 
Haber process at temperatures ranging from 400"^ to 600^ and at 
pressures between 200 and 1000 atm. Catalysts that are suitable for 
use in this process include a mixture of the oxides of iron, potassium, 
and aluminum; iron oxide alone; mixtures of iron and molybdenum; 
the metals platinum, osmium, uranium; and a number of others as well. 
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Cyanamide Process, Although this process employs relatively 
inexpensive raw materials, it cannot compete under normal conditions 
with the Haber process. Formation of ammonia by the cyanamide 
process is based upon the reaction between calcium cyanamide and 
steam, 

CaNCN -f 2H2O -> CaCOa + 2RH3 

One of the chief disadvantages involved in this process is the large 
quantity of energy that must be employed in the production of calcium 
carbide and in its conversion to calcium cyanamide. 

29.11, Uses of Ammonia 

The various uses of ammonia may be concerned with the use of the 
compound as such or in the form of compounds made from ammonia. 
In the liquid state, much ammonia is used as the refrigerant liquid 
in commen'ial refrigeration plants and in the manufacture of ice. 
Some liquid ammonia is used both in the laboratory and commercially 
as a solvent, and its solvent properties arc in many respects similar 
to thos(‘ of water. Great quantities of ammonia are used in the manu- 
facture of nitric acid (Sec. 31.3), sodium hydrogen carbonate and 
normal sodium carbonate (Sec. 32.4), aqueous ammonia (or ammonium 
hydroxide), ammonium salts for use as fertilizers, and many other 
useful chemicals. 

OXIDES OF NITROGEN AND PHOSPHORUS 

The generally abnormal character of an “introductory element” is 
well illustrated by the case of nitrogen. With respect to oxide forma- 
tion, for example, this element exhibits more diversity than any other 
element in Group V of the periodic arrangement. 

29.12. The Common Oxides of Nitrogen and Phosphorus 

The related elements nitrogen and phosphorus combine with oxygen 
to form those oxides which are to be expected on the basis of the posi- 
tion of these elements in the periodic table. In addition, nitrogen 
forms several other oxides (Sec. 24.4). Although each of these com- 
pounds has its own specific uses or participates in certain reactions that 
render these oxides of scientific interest, the chief relationship that it is 
wished to portray here is that between these oxides (acid anhydrides) 
and the corresponding acids. This information is incorporated in 
Table 39. 
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TABLE 39 

Oxides of Nitrogen and Phosphorus 


Oxide 

Related acid 

Formula 

Name 

Formula 

Name 

N2O 

Nitrous oxide* 



NO 

Nitric oxide 



N2O3 

Nitro^^eii trioxide 

HNO2 

Nitrous acid 

NOj 

Nitrogen dioxide 



N2O6 

Nitrogen pcntoxide 

HNO3 

Nitric acid 

PjO. 

Phosphorus trioxide 

H3PO3 

Phosphorus acid 

PsOs 

Phosphorus pentoxide 

H3PO4 

Phosphoric acid 


* Laughing gas. 


Nitrogen dioxide may be looked upon as being, at the same time, the 
anhydride of both nitrous and nitric acids. This view is based upon 
the fact that nitrogen dioxide reacts with cold water as follows: 

2NC)2 "f" N 2 O — ► HNO 2 “h HNOa 

If, however, hot water is used, the reaction is 

31^2 + H 2 O 2 HNO 3 + ND 

The two oxides of phosphorus are, in fact, dimeric and their formulas 
accordingly may be written more properly as P4O6 and P4O10. 

OXIDES OF SULFUR 

Of the two common oxides of sulfur, the dioxide is by far the more 
important. Sulfur trioxide (SO3), the anhydride of sulfuric acid, is a 
strong oxidizing agent which finds limited uses other than in the manu- 
facture of H2SO4. Solutions of sulfur trioxide in concentrated sulfuric 
acid are known as fuming sulfuric acid or oleum, and such solutions 
arc useful in the laboratory and in a few commercial processes. 

29.13. Sulfur Dioxide 

The best laboratory method for the preparation of sulfur dioxide 
(SO2) is based upon the metathetical reaction between a sulfite and a 
strong acid, e.g,, 

Na+HSOr + HfSOr -H. Na+HSOr + H 2 O 4- 5132 
or 

NaJSOr + HfSOr Na+SO: + H 2 O 4- 5^2 

Less convenient but otherwise equally satisfactory is the preparation 
involving the reduction of hot concentrated sulfuric acid by means of 
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copper, carbon, or sulfur. The oxidation-reduction reaction involved 
may be illustrated by the following equations: 

(а) Cu« - 2 e- Cu++ 

VI + IV+ 

(б) S S 

V 1 + " — jy^ 

(c) Cu« + S -4Cu'^+4- S 

(d) cu« + H2SO4 + H+sor -► cu^^+sor SD2 + 2H2O 

If sulfur is employed as the reducing agent, the equations are as follows: 

IV+ 


(а) S® — 4e'~ — ► S 

VI4- IV+ 

(б) 2S + 4e- -> 2S 

VI+ iv-f 

(c) S« -h 2S 3S 

id) S« -f 2H2SO4 -► 3SD2 H- 2H2O 


Commercially, sulfur dioxide is produced (a) by the roasting of 
sulfides, e.g,, 

2PbS -f- 30^ 2PbO-f 250. 

4 F 0 S 2 -}- 11^2 — ^ 3 2 F 02 O -f" 8S'0* 

or ( 6 ) by the direct union of elememtal sulfur and oxygen. 

S +O2 SO 2 

Pure sulfur dioxide is a colorless gas which has an irritating odor 
and which is soluble in water. The gas may be liquefied readily and 
is usually stored and transported in the liquid state in steel cylinders. 
This substance is a strong reducing agent, and therefore a poor oxidiz- 
ing agent. 

The chief uses of sulfur dioxide are concerned with (a) the hydra- 
tion of SO2 to form sulfurous acid which, in turn, is used to produce 
sulfites, notably Ca(HS03)2, which is used in large quantities in the 
pulp and paper industries; ( 6 ) the oxidation of SO2 to SO3 which is then 
converted to sulfuric acid; (c) the bleaching of silk, straw, wool, and 
other fabrics. This use depends upon the fact that sulfur dioxide 
forms unstable colorless compounds with the colored pigments in these 
fibers. Because of the relative instability of these colorless com- 
pounds, the bleaching action of sulfur dioxide is seldom permanent; (d) 
the removal of excess chlorine or hypochlorous acid from fabrics which 
have been bleached with chlorine, 

HCIO +502-1- H2O H+CI~ + H+SOr 

(e) the refrigeration units in which liquid sulfur dioxide is used as the 
refrigerant liquid. 
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EXERCISES 

1. Write equations representing^ laboratory methods for the preparation of 
the following compounds: (a) carbon dioxide, (h) sulfur dioxide, (c) ammonia, 
(d) carbon monoxide, (e) sulfur dioxide. 

2. Explain brielly the manner in which (a) sulfur dioxide acts as a bleaching 
agent and (6) carbon monoxide poisoning is produced. 

3. JVIake a detailed comparison of the physical and chemical properties of 
silicon dioxide and carbon dioxide. 

4. List the raw materials needed for the commercial production of Carborun- 
dum. Cite the reason for the use of each, and write the equation for the principal 
reaction involved. 

5. What volume of acetylene gas, at 25"^C. and 710 mm., can be produced 
from 1 lb. of pure caicium carbide? 

6. Write equations for the reactions that occur in the commercial processes 
by means of which the following compounds are produced: (a) sulfur dioxide, (b) 
calcium carbide, (c) carbon dioxide, (d) calcium cyanamide. 

7. List important large-scale uses for (a) ammonia, (b) sulfur dioxide, (c) 
carbon dioxide, (d) Carborundum, (c) calcium carbide, (/) carbon disulfide, (f/) 
silicon dioxide. 

8. What are the essential features of the ordinary Foamite fire extinguisher? 

9. In the coruTnercial production of carbon disulfide, why must the reaction 
be carried out in the absence of air? 

10. By means of equations, summarize the chemical reactions in which silicon 
dioxide participates. 

11. What industries would be expected to produce sulfur dioxide as a by- 
product? 

12. Why is the Haber process not suitable for the preparation of small quanti- 
ties of ammonia for use in the laboratory? 

13. What factors would have a bearing upon the choice of location for a plant 
designed to produce ammonia by the Haber process? 

14. Assuming that the nomenclature is to be entirely systematic, suggest 
names for the compounds H 2 O and NH3. 
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CHAPTER XXX 

HALOGENS AND COMPOUNDS OF THE HALOGENS 


The elements of the main family of periodic Group VII have already 
been considered from the standpoint of their interrelationships (Sec. 
13.5). These similarities and differences are equally impressive if one 
considers not only the elements as such but their compounds as well. 

30.1. Occurrence of the Halogens 

All the elements of the halogen family occur in nature in the form 
of their compounds but, because of their marked chemical activity, 
they are never found in nature in the uncombined state. 

In compound form, fluorine is a fairly abundant element which 
constitutes approximately 0.1 per cent of the solid crust of the earth. 
The chief fluorine-bearing minerals are fluorspar (CaF2), cryolite 
(NasAlFe), eiTid fluorapatite [CaF2[Ca3(P04)2]3]. 

Ordinary rock salt (sodium chloride) is the chief commercial source 
of chlorine. In the United States, the salt wells in Michigan and the 
salt mines of Texas and Louisiana are rich sources of this material. 
Chlorine is also obtained from the minerals carnallite (MgCl2'KCl*3H20) 
and kainite (MgS04*KCl*6H20). Salt deposits containing combined 
chlorine are widely scattered over all parts of the world and are among 
the most abundant, cheap, and useful raw materials of the chemical 
industries. Oceanic waters have a high salt content, and the waters 
of salt lakes such as the Great Salt Lake in Utah contain approximately 
20 per cent of sodium chloride. 

Although less abundant than chlorine, the occurrence of bromine 
parallels that of chlorine. Thus, bromine is found in salt deposits in 
the form of the bromides of sodium, potassium, magnesium, etc., and in 
sea water. Although in this country much bromine is produced from 
the salt wells in Michigan, the production of bromine from sea water 
in recent years has become the most important source of this element. 
Iodine also occurs in sea water and in numerous seaweeds including 
kelp, from which iodine has been extracted on a commercial scale. 
The greater part of the iodine of commerce is obtained from sodium 
iodate (NalOs) and sodium periodate (NaI04), both of which are asso- 
ciated with the enormous deposits of sodium nitrate in Chile. 

386 



Sec. 30.2] HALOGENS AND COMPOUNDS OF THE HALOGENS 


387 


Both chlorine and iodine are found in, and are essential to, the 
human body. The gastric juices normally contain from 0.25 to 0.4 
per cent of hydrochloric acid, while the chloride ion concentration of 
the blood is approximately 0.25 per cent. Iodine occurs in the thyroid 
gland in the form of a complex organic compound which is essential 
to the proper functioning of this gland. Iodine deficiency in the 
liuman body is largely responsible for the development of goiter and 
cretinism. For this reason, iodine, frequently in the form of sodium 


iodide added to table salt (i.e., 
iodized salt), is added to the diet 
as a preventive. In the United 
States, waters in the coastal re- 
gions contain adequate supplies 
of iodine, while in the inland 
states, iodine deficiency is much 
more prevalent. 

30.2, Methods of Preparation 

A. study of the means whereby 
t he elements of the halogen family 
may be prepared either in the 
laboratory or on an industrial 
scale not only serves to bring 
some new and worth-while facts 
before the student but also 
provides further insight into 
the interrelationships of these 
elements. 



. Fluorine. The distinguished French chemist, Moissan (Fig. 130), 
first prepared fluorine by the electrolysis of a solution of potassium 
fluoride in liquid hydrogen fluoride. Because of the extreme chemical 
activity of this element, the electrolytic cell employed had to be made 
of platinum. At the present time, fluorine is produced in the labora- 
tory and commercially by the electrolysis of fused potassium hydrogen 
fluoride (KHF 2 ) in the manner already described (Sec. 22.4). 

Chlorine. The preparation of chlorine in the laboratory is accom- 
plished best by the oxidation of hydrogen chloride using any of a wide 
variety of oxidizing agents, e.g., HNO3, KMn 04 , K 2 Cr 207 , Mn02, 
KCIO3, etc. The HCl may be used in the form of concentrated hydro- 
chloric acid or may be prepared by the reaction between sodium 
chloride and concentrated sulfuric acid.^ The over-all reactions are 


^ This procedure is made possible by the fact that concentrated sulfuric acid is 
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illustrated by the following e<|uatioiis: 

K+CIOr + 6 H-^Cl- -> K^CI- + 3H2O + 3 Cl? 

2 K+Mn 07 + 16 H+CI~ 2 Mn+^CI ,7 -f 2K+CI- + 8H2O + SCT? 

Mn 02 + 4 H+CI- Mn^-*C1^ -h 2H2O + Cl 5 

Or, in case the HCl is produced as needed, 

Na^Cl- -f H2SO4 -^HUi -f Na+HS 07 
Na+CI- -f Na+HS 07 FTCI + NaJ-SOr 

The oxidation of hydrogen chloride by atmosplu'ric oxygen, 

4 hrci + Ot -> 2 C 1 ? -f 2R2O 

at elevated temperatures and in tiie preseiun^ of suitable catalysts, was 
once used as a commercial procedure for the production of chlorine. 
However, this process cannot now be operated economically in com- 
petition with methods involving electrolysis. As has been described 
previously (Secs. 22,4 and 22.5), chlorine is now produced commercially 
almost exclusively by the electrolysis of aqueous solutions of chlorides 
or of fused chlorides. 

Bromine. The laboratory preparation of bromine may be accom- 
plished in a manner analogous to that described for chlorine. Thus, 
treatment of a bromide with a mixture of sulfuric acid and manganese 
dioxide results in the liberation of elemental bromine. 

2 Na+Br- + 2 H+SOr + MnOa Mn++SOr + NafSOr + 2H2O + B ?2 

Although this equation accounts for the liberation of bromine, this 
product also arises by virtue of the occurrence of another reaction. 
Although not a sufficiently strong oxidizing agent to liberate chlorine 
from hydrogen chloride, concentrated sulfuric acid does act upon 
hydrogen bromide with a resultant partial oxidation to bromine. 

2HBr + H2SO4 -> BrS + 5D2 + 2H2O 

Hence, when one treats sodium bromide with concentrated sulfuric 
acid and manganese dioxide, the hydrogen bromide liberated by the 
initial reaction, 

2 Na+Br- -f H+SO7 2 HBF + Na+S 07 

may be oxidized to bromine either by the concentrated H 2 SO 4 or by the 

Mn02. 


not a sufficiently strong oxidizing agent to oxidize HCl. Hence, a stronger oxidiz- 
ing agent must be used to produce CI2 from the HCl liberated in the reaction 
between NaCl and H2SO4. 
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Tlie commercial production of bromine from salt- well brines or from 
sea water (Fig. 131) depends upon the fact that chlorine is capable of 
displacing bromine from its salts (Sec. 13.5). Bromine is extracted 
from sea water by a process involving the following steps: 

1. Sea water is rendered slightly acidic by the addition of sulfuric 
acid, after which the water solution is sprayed into towers containing 



Fk;. 131. — View of a plant engaged in the extraction of bromine from sea wat er at 
Freeport, Texas. {Courtesy of The Dow Chemical Company, Texas Division.) 


gaseous chlorine. If M is used to represent a metal that forms a 
soluble bromide, the reaction may be represented as follows: 

2M+Br- -f 2M+CI- -f 

2. The liberated bromine is carried from the tower by means of a 
stream of air and into an absorber containing sodium carbonate solu- 
tion. By reaction with sodium carbonate, the bromine is converted to 
sodium bromide and sodium broniate. 

SNajeOg- + SBr? SNa+Br" -h Na+BrO^ + SCOa 

3. Wlien bromine is needed, this solution is acidified with sulfuric 
acid, whereupon hydrobromic and bromic acids are formed. 

SNa+Bn + Na+BrOj- 4- SH^+SOr 3NaJS07 -h 5H+Br*“ + H+BrOi' 
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Owing to the oxidizing action of bromic acid, bromine is liberated in 
accordance with the following equation: 

5H^Br- -h H+BrOr 3Br? -f 3 H 2 O 

4. The resulting bromine may be removed in a current of steam and 
subsequently separated from the water by condensation or may be used 
directly in the manufacture of ethylene dibromide. 

C 2 H 4 -f- Br 2 — ^ C2H4Br2 

Although sea water contains only 67 parts of bromine in 1,000,000 
parts of solution, this seemingly rather involved process is both effi- 
cient and economical. One cubic mile of sea water contains approxi- 
mately 300,000 tons of bromine, and the process described above 
permits the recovery of about 80 per cent of the available bromiru^. 

Iodine. Because of the close chemical similarity between chlorine, 
bromine, and iodine, it is to be anticipated that iodine might be pre- 
pared in a manner analogous to that used in the preparation of bromine. 
Such is the case. In the laboratory, iodine is most conveniently 
produced by treating an iodide with sulfuric acid and manganese, 
dioxide. Just as in the case of bromine, the initial reaction is that 
between the iodide and sulfuric acid. 

Na+I- + H+SO 7 H+l- -f* Na^HSOr 
Na+|- + Na+HSOr -> H+|- Na+SO; 

The hydrog(m iodide is oxidized by either or both of the oxidizing 
agents present, i.e., concentrated H 2 SO 4 or Mn 02 , 

4H+I~ -h MnOz Mn++l 7 +Jj + 2 H 2 O 
or 

2H"|- -h H2SO4 -> I? + 5U2 + 2H2O 

In addition to relatively small amounts of iodine that are extracted 
from the ashes of kelp, the great bulk of iodine produced commercially 
is obtained from sodium iodate. This compound occurs along with 
sodium nitrate (Chile saltpeter), and the iodine is extracted by treating 
the iodate with sodium hydrogen sulfite. 

2Na'^l07 4- 5Na+HSOr -> jj + 2NafS07 -f- 3Na+HSOr -h H 2 O 

The resulting solution is evaporated to dryness and heated further, 
whereupon the iodine sublimes and thus may be separated from the 
other products of the reaction. 

30.3. Uses of the Halogens 

Owing to the extreme chemical activity of fluorine, the chief uses of 
this element arise in connection with the production of compounds of 




S«c. 30.4] HALOGENS AND COMPOUNDS OF THE HALOGENS 


391 


fluorine. Thus, sodium fluoride is commonly used as a flux, €is an 
insecticide, and as a wood preservative. Ammonium fluoride is some- 
times used as a disinfectant. The compound dichlorodifluoromethane 
(CCI2F2) is used as an insecticide propellent and is an important com- 
mercial refrigerant (Freon) particularly well suited for use in domestic 
refrigeration units. 

Of the elements of the halogen family, chlorine is by far the most 
useful. This fact becomes evident when one learns that the annual 
production of chlorine in the United States alone amounts to approxi- 
mately 34 million tons. Much of this chlorine is used in the bleaching 
of fabrics, wood pulp, etc. Considerable quantities of this element are 
used in treating water supplies for the purpose of destroying harmful 
bacteria. Many of the poisonous gases used in warfare were compounds 
of chlorine. Thus, this element has been used extensively in the pro- 
duction of mustard gas [(C1C2H4)2S], chloropicrin (CCI3NO2), phosgene 
(COCI2), etc. Other important and large-scale uses of chlorine are 
found in the manufacture of compounds such as chloroform (CHCh), 
carbon tetrachloride (CCI4), bleaching powder (CaOCh), and a host 
of other compounds that are useful in the home, the industries, and the 
laboratory. 

That bromine is relatively a less important element from the stand- 
point of its applications may be seen from the fact that the annual 
production of bromine in this country is only about one-twentieth as 
great as that of chlorine. At the present time, the chief use of bromine 
is in the manufacture of ethylene dibromide (C2H4Br2) which is used 
in the production of high-test gasolines. Bromine is used also in the 
production of other bromine compounds. Thus, potassium bromide 
is used medicinally as a sedative, silver bromide is used in photographic 
processes, while other compounds of bromine are used in the produc- 
tion of dyes. 

Undoubtedly the most familiar use of iodine is in tincture of iodine 
which is so commonly used as an antiseptic. This consists of a solution 
of iodine and potassium iodide in alcohol and is one of the most eflfec- 
tive antiseptics known. Iodine is used to make many useful com- 
pounds including sodium and potassium iodides which are important 
laboratory reagents, silver iodide which (like silver bromide) is used 
in photography, and numerous organic compounds of iodine which are 
useful in drugs, in the production of dyes, etc. 

30.4. Hydrogen Compounds of the Halogens 

Each member of the halogen family combines with hydrogen to 
form a compound of the type HX^ where X Represents a halogen. 




392 


GENERAL CHEMISTRy 


[Chap. XXX 


The hydrogen compound of fluorine is exceptional in that it exists in 
different molecular forms from HF to HeFe. For the sake of sim- 
plicity, the formula HF will be employed consistently. 

General Methods of Preparation. There are two general 
methods which, with appropriate modifications, may be used to pro- 
duce the hydrogen compounds of the halogens. 

1. Direct Union of the Elements. The manner in which the halogens 
react with hydrogen demonstrates ‘admirably the trend in chemical 



Fig. 132. — Apparatus for prepa- 
ration of hydrogen compounds of the 
halogens. 

provide evidence of the marked 
halogens with increasing atomic i 


activity within this group of ele- 
ments. Fluorine and hydrogen 
combine with explosive violence 
even in the absence of light and at 
low temperatures. Chlorine and 
hydrogen do not react readily in 
the dark at ordinary temperatures, 
but undtu’ the influence of the 
actinic rays of a bright light (or 
sunlight) their union is violent. 
Bromine and hydrogen combine 
only upon application of heat while 
iodine and hydrogen combine only 
upon elevation of the temperature 
in the presence of a catalyst such 
as spongy platinum. The follow- 
ing thermochemical equations show 
the quantities of heat involved and 
decrease in chemical activity of the 


H 2 -f Fa 2HF -h 128.000 cal. 
Ha + CI 2 2HCI -h 44.120 cal. 
Ha + Bra 2HBr -f 17,300 cal. 
Ha + I 2 ~>2HI - 11,820 cal. 


For practical purposes, only hydrogen chloride is produced in any 
appreciable quantity by direct union. 

2. Treatment of a Salt with a Strong Acid. The metathetical reac- 
tion between a salt and a strong acid may be used in the preparation of 
compounds of the type JiX, provided the correct reactants are chosen. 
Almost any salt containing the desired halogen may be employed, 
but one would, of course, select a cheap and readily available salt. 
The acid selected must be concentrated, nonvolatile, and nonoxidizing. 
The reasons for these requirements will become evident from a con- 


Sec. 30.4] HALOGENS AND COMPOUNDS OF THE HALOGENS 393 

sideration of a specific case. If, as would be convenient in the labora- 
tory, an apparatus of the type shown in Fig. 132 were employed, the 
HX would be formed in the reaction mixture in the retort A. If this 
reaction mixture contained water (i.e., if the acid were not concen- 
trated), the would dissolve in the water and hence would not 
escape at B as desired. If a volatile acid were used, some of this acid 
would escape at B along with the HX, and hence the material collected 
would be a mixture and not the anticipated pure HX. Finally, if 
there is employed an acid which acts as an oxidizing agent toward the 
desired UX, one would obtain again not a pure IIX but a mixture of 
HX and the elemental halogen X 2 . 

For the preparation of hydrogen fluoride and hydrogen chloride, 
the following equations represent the use of suitable reactants: 

+ H+SOr CaS04 + 2FfF 

and 

Na + Cl- + HJSOr Na+HSOr + HCI 
Na+CI- + Na+HS07 Na+SOr + HlTl 

Concentrated sulfuric acnd is relatively nonvolatile and does not act as an 
oxidizing agent toward HF and HCl. However, as has already been 
pointed out (Sec. 30.2), both HBr and HI are oxidized to the respective 
halogens by concentrated sulfuric acid. Consequently, to prepare 
pure hydrogen bromide or pure hydrogen iodide, one would use sodium 
bromide or sodium iodide in reaction with concentrated phosphoric 
acid which is also relatively nonvolatile and which does not act as an 
oxidizing agent toward either HBr or HI. 

Other Methods of Preparation. For each of the hydrogen com- 
pounds of the halogens there are certain specific methods that may be 
used to advantage in the laboratory. Thus, hydrogen fluoride may 
be produced by the heating of potassium hydrogen fluoride 

KHF2 -[- heat KF + HF 

Hydrogen bromide and hydrogen iodide may be prepared readily by 
the hydrolysis of phosphorus tribromide and phosphorus triiodide, 
respectively. 

PBr, -F 3H2O H3PO8 + 3 HBr 
PI3 “F 3H2O — ► HjPOa “F SFTT 

Properties. All four of the hydrogen halides are colorless gases 
with pungent, irritating odors. Certain physical properties of these 
compounds have already been tabulated elsewhere. These com- 
pounds in the pure dry condition are predominantly covalent. How- 
ever, when they are dissolved in water, all except hydrogen fluoride 
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form solutions (by reaction) 

4- HaO ;=± HgO+ + X- 

which behave as very strong acids. With increase in atomic number 
of the halogen, the hydrogen halides become increasingly unstable and 
become increasingly strong reducing agents (hence, increasingly weak 
oxidizing agents). 

Although hydrofluoric acid is a relatively weak acid, it is unusually 
reactive in certain other respects. For example, it has an extremely 
corrosive action on the, skin and thereby produces burns which are very 
painful and slow to heal. Hydrofluoric acid also attacks the silica 
and silicates present in glass. 

SiOa + 4 H+F-- -^SiF 4 + 2H2O 
CaSi03 4- 6H+F-* -> SiF4 4- Ca+^Fr 4- 3H2O 

These and similar reactions are involved in the etching of glass. In 
recent years, hydrogen fluoride has come into use as a catalyst in the 
production of aviation gasoline. 

30.5* Oxygen Compounds of the Halogens 

The regularities exhibited by the halogens in their combinations 
with hydrogen having been noted, it becomes of interest to study the 
compounds formed by the halogens and oxygen. A list of the known 
oxides is given in Table 40. 


TABLE 40 

Oxides of the Halogens 
Halogen Formulas of Known Oxides 

F F2O, F2O2 

Cl CI2O, CIO2, CIO3 (or ChOe), CI2O7, C104(?) 

Br Br20, Br02, BrsOs 

I I2O4, I2O., I04(?), I4O9 

Most of these oxides are unstable and, even at ordinary temperatures, 
some of them decompose with explosive violence. For the most part , 
they are very strong oxidizing agents. Of the four halogens, fluorine 
and bromine show but little tendency to combine with oxygen; in fact, 
all the known oxides of these elements have been discovered since 
about 1930. 

30.6. Ternary Oxygen Acids of the Halogens 

Just as the halogens differ with respect to their tendencies toward 
combination with oxygen and the stability of the resulting oxide, so 
these elements differ appreciably in regard to the properties of their 
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ternary oxygen acids. In Table 41 tliere are listed the names and 
formulas of the known acids, together with the names and formulas of 
the corresponding sodium salts. An inspection of this table will make 
evident the manner in which the halogens differ in the form of their 
ternary acids. 

TABLE 41 

Ternary Acids of the Halogens 


Acid 

Salt 

Formula 

Name 

Formula 

Name 

HCIO 

Hypoclilorous acid 

Na+GlO- 

Sodium hypochlorite 

IICIO2 

Ghlorous acid 

Na^GlO^ 

Sodium chlorite 

HGIO3 

Ghloric acid 

Na+GlO^ 

1 Sodium chlorate 

HGIO4 

Perchloric acid 

Na^GlOr 

Sodium perchlorate 

HBrO 

Hypobromous acid 

Na^BrO" 

Sodium hypobromite 

HBrOa 

Bromic acid 

Na+BrOr 

Sodium bromate 

HIO 

Hypoiodous acid 

Na+IO- 

Sodium hypoiodite 

HTO3 

Iodic acid 


Sodium iodate 

HI ()4 

meia-Per-iodic acid 

xNa+107 

Sodium meta-periodate 

H5IO6 

ortbo!-Per-iodic acid 

Na+HdOr 

Disodium ortho-periodate 


From Table 41 it is apparent that ternary acids of fluorine are 
unknown. There is, however, some evidence that salts of hypofluor- 
ous and fluoric acids exist in solution. The following discussion will 
be limited to the consideration of the acids of chlorine and their salts, 
since these compounds are by far the most common and useful. 

The ternary acids of chlorine have certain properties in common. 
Thus, all four of these acids are rather unstable and are strong oxidizing 
agents. However, each of them forms salts that are markedly more 
stable than the corresponding acids. 

Hypochlorous Acid and Its Salts. When chlorine gas is dis- 
solved in water, the following equilibrium becomes established: 

Cl? + HOH ^ H+CI- + HCIO 

and the quantities of hydrochloric and hypochlorous acids present at 
equilibrium depend upon the temperature. The concentration of 
HCIO in the equilibrium mixture may be increased by neutralizing 
the strong acid by the addition of a base such as sodium hydroxide. 
In practice, the best method for the formation of the hypochlorites and 
their parent acid is to pass chlorine into a cold solution of a strong 
base such as sodium hydroxide or calcium hydroxide. 

Cl? + 2Na+OH- Na+CI- + Na+CIO“ + HaO 
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A solution of hypochlorite having been obtained thus,* a solution of 
hypochlorous acid may be obtained by acidification with a strong acid 
such as sulfuric. 

Na+CIO- -f H+SO7 HCIO + Na^HS07 

Both hypochlorous acid and the hypochlorites are relatively unstable 
and decompose readily with liberation of oxygen and the formation of 
chlorides. In fact, the acid is known only in solution. These com- 
pounds are excellent oxidizing agents ; they are used as bleaching agents, 
as antiseptics, as disinfectants, and in the production of ethylene 
glycol. The commercial production of sodium hypochlorite by elec- 
trolysis has been described previously (Sec. 22.5). 

Bleaching Powder. If, instead of cold sodium hydroxide, cold 
calcium hydroxide solution is used in reaction with chlorine, one 
obtains a solution containing calcium chloride and calcium hypochlorite. 

2CI§ + 2Ca'^+(OH)2- Ca++Cl7 -f Ca++(CIO)7 + 2H2O 


If, on the other hand, chlorine gas is allowed to react with dry, solid 
calcium hydroxide, there is formed a compound having the formula, 
CaOCh. Commercially, this compound is known as bleaching powder 
and is regarded as being, at the same time, a salt of both hydrochloric 
and hypochlorous acids. This relationship may be clarified by the 
following formulas: 


ci- 

Ca++ 

ci- 

Calcium 

chloride 

(a salt of hydro- 
chloric acid) 


cio- 

cio- 

Calcium 
hypochlorite 
(a salt of hypo- 
chlorous acid) 


Cl~ 

Ca++ 

cio- 

Calcium chloride 
hypochlorite 
(a salt of both hydro- 
chloric and hypo- 
chlorous acids) 


When bleaching powder is treated with a strong acid such as sulfuri(\ 
both hydrochloric and hypochlorous acids are liberated. 


ci- 

Ca++ + H+SOr H+CI- + HCIO + Ca++S07 

cio- 


and these acids interact to form chlorine, 


H+CI- ^ HCIO 4- H2O 
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By the use of a weak acid, however, only hypochlorous acid is Uberated. 

Cl- ci- 

Ca+^ -f H2CO3 HCIO 4- Ca^+ 

CIO- HCOr 

The ability of such solutions to act as bleaching agents is due to the 
liberated hypochlorous acid or to the oxygen formed by the decomposi- 
tion of this acid, 

HCIO ^ H+Cl- -f [O] 

where the enclosure of the symbol for oxygen implies the liberation of 
atomic (and consequently highly reactive) oxygen. 

Chlorous Acid and Its Salts. As compared with the other acids 
of chlorine and their salts, chlorous acid and the chlorites are less well 
known and have no really important large-scale uses. Chlorous acid 
and chloric acid are formed together by the reaction between chlorine 
dioxide and water. 

CI2O + H2O HCIO2 -f H+CIO^- 

Salts of these acids (chlorites and chloratesi may be formed by neu- 
tralizing the resulting solution with an appropriate base, and the two 
salts may then be separated. 

Chloric Acid and Its Salts. This acid or its salts may be pre- 
pared by heating solutions of hypochlorous acid or hypoclilorites, 

3HCIO + heat ->2H^C|- -f H+CIO^ 
or 

3Na+CIO- 4 heat — 2Na+C|- 4- Na+CIOi” 

The chlorates may be prepared directly by passing chlorine into a hot 
solution of a strong base, €,g,, 

3CI? 4 6Na-^OH- 5Na+C|- + Na+CIOr + 3H2O 

Chloric acid may be produced (in solution) by treating an aqueous solu- 
tion of a chlorite with a strong acid. 

Na+ClOr -f H+HSO7 H+CIOr -f Na+HSO^ 

Both chloric acid and chlorates are useful as oxidizing agents. Potas- 
sium chlorate is used in the manufacture of matches, fireworks, and 
explosives. 

Perchloric Acid and Its Salts. The best method for the prepara- 
tion of pure perchloric acid is first to prepare a salt of this acid by the 
action of heat upon a chlorate. 


4Na+CIOr 4 heat Na+Cl~ 4- 3Na+CIOr 
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The sodium perchlorate may be separated and used in the preparation 
of perchloric acid. It is preferable, however, to use barium perchlorate 

Ba-^CCIOOr + H^SOr Ba^^SO ; + 2H+CIO7 

since the salt formed as a by-product is insoluble and may be separated 
by filtration. If the water is evaporated from the resulting filtrate, 
one obtains a concentrated solution of perc^hloric acid but, because 
such solutions are explosive, it is best to allow the acid to remain in 
more dilute solutions. The uses of perchloric acid and its salts are 
similar to those given for chloric acid and the chlorates. In recent 
years, perchloric acid has come into general use as a reagent in analyti- 
cal chemistry. Among the perchlorates, potassium perchlorate is of 
interest because it is one of tlie very few potassium salts that are sub- 
stantially insoluble in water. 


EXERCISES 

1. Summarize briefly the maimer in which the chemical and physical proper- 
ties of the halogens change with increase in atomic number. 

2. Which element in the halogen family would most likely be capable of 
losing one or more electrons fo form a positive ion? Why? 

3. List the chief natural source of each of the halogens. 

4. By means of equations, give one method suited to the laboratory prepara- 
tion of each of the halogens. 

5. Describe the commercial procedure whereby bromine is extracted from sea 
water and include equations for the reactions involved. 

6. If a plant were to be erected for the extraction of bromine from sea water, 
what would be the objection to locating the sea- water intake near the mouth of a 
river ? 

7. List important large-scale uses for each of (a) the halogens, (6) the hydrogen 
halides, (c) the ternary acids of chlorine, (d) the salts of the ternary acids of chlorine. 

8. How do the elements of the halogen family differ with respect to (a) their 
tendencies toward combination with oxygen and (6) the stability of the oxides of 
the halogens? 

9. (a) Which of the hydrogen halides may be produced conveniently by direct 

union of the elements ? (b) Why may the others not be prepared conveniently in 

this manner? 

10. If a hydrogen halide is to be prepared by the interaction of a salt and an 
acid, what properties must be possessed by the acid selected, and why? 

11. Write equations to illustrate the reactions that occur during the etching of 
glass. 

12. Since only two acids of bromine arc known (i.e., HBrO and HBrOa), is 
there any reason why HBrO should not be called bromous acid rather than hypo- 
bromous acid? 

13. What justification may be offered for giving to two different ternary acids 
of iodine (i,e., HIO4 and H^IO®) names involving the term per-iodic? 

14. What evidence from Table 41 would indicate that the formula HsIO® 
should not be written HI04-2H20? 
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15. Compare the stability of (a) the ternary acids of chlorine and (6) hypo- 
chlorites, chlorites, chlorates, and perchlorates. 

16. If sodium hypochlorite may be produced electrolytically as described in 
Sec. 22.5, suggest a change in experimental conditions which would make possible 
the production of sodium chlorate in a similar manner. 

17. By means of equations, describe the commercial production of bleacliing 
powder and show how this compound serves as a bleaching agent. 

18. How will the equilibrium, ClJ + HOH ^ H+C1~ + HCIO, be influenced 
by the addition of a strong acid? Why? 

19. (a) Calculate the weight of sodium chlorate which may be produced from 
1 ton of sodium hydroxide by the reaction between chlorine and sodium hydroxide. 
(b) Why is this reaction uneconomical from the standpoint of commercial use? 

20. Inspect all the equations written in this chapter, make a list of all the 
oxidation-reduction reactions, and write each of these equations by the four-step 
procedure outlined in Chaps. XVIII and XXIV. 
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CHAPTER XXXI 

COMMERCIAL PRODUCTION OF ACIDS AND BASES 


A.mong the first chemicals that the student encounters in the 
laboratory are the common acids and bases. Since these materials are 
readily available and relatively inexpensive, the student is seldom 
called upon to prepare them in the laboratory. Nevertheless, one 
should become familiar with the manner in which these chemicals are 
produced commercially and with some of the problems that arise in 
connection with the conduct of chemical reactions on a large scale. 

A few of the common acids and bases, together with certain salts 
that will be discussed in the next chapter, are produced in such very 
large quantities that they are commonly referred to as the heavy 
chemicals (i.c., heavy in the sense of quantity production). In the 
discussion to follow, the methods used in the production of the more 
important of these chemicals will be considered briefly. 

31.1. Development of Chemical Processes 

Any considerable expenditure of effort, time, and money on the 
development of a commercial chemical process is based upon the 
premise that a market exists for the product (or products) or that 
the product has properties such that uses for it may be found and a 
market created. New uses may be found for compounds known tu 
the chemist for many years but not previously produced on a large 
scale. On the other hand, it is often necessary for the chemist to 
discover hitherto unknown chemical compounds in order to find a sub- 
stance which will fill an existing need. 

Laboratory Investigation. New and potentially useful chemical 
changes are usually carried out first on a small scale in the laboratory. 
The discovery of such reactions or products may result from the desire 
to attain a preconceived objective, or it may be a by-product of experi- 
ments conducted for a totally different purpose. It is necessary then 
to determine by experiment the most favorable conditions (Le., tem- 
perature, pressure, concentration, catalysis, etc.) for the occurrence of 
the reactions in question. All of this knowledge must be acquired by 
the chemist before one can consider seriously the problem of large- 
scale utilization. If the laboratory investigations indicate probability 
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of success, there arises next the problem of adapting the process to a 
scale that will render economical the operation of a large chemical plant. 

Process Development. It is not unusual to find that a reaction 
which proceeds smoothly when a few grams of the reactants are 
brought together may behave differently when much larger quantities 
of the reactants are involved. With drastic change in the quantities of 
materials, the reaction may occur no differently, more favorably, less 
favorably, or not at all. After the laboratory investigation has been 
completed, it is therefore necessary to determine whether the reaction 
will occur under controlled conditions on a larger scale. This phase 
of the work is usually conducted in a pilot plant or “semi works” 
which is simply a miniature factory wherein the process in question is 
studied on a scale intermediate between that of the research laboratory 
and that of the anticipated manufacturing plant. When it is found 
that the reactions are not affected adversely by increased scale of 
operation, there arises the problem of the design and construction of 
all of the equipment that is necessary for the production and purifica- 
tion of the desired product or products in still larger quantities. 

Chemical Economics. The preceding problems must be 
approached always in relation to economic considerations. One must 
consider the availability, location, and cost of raw materials. The cost 
of equipment and its maintenance, the cost of labor, power, etc., are 
only a few of the factors that govern the feasibility of the process. 
The actual location of the plant must be considered in relation to the 
cost of transportation of raw materials to the plant and of finished 
products to the market. 

Ideally, a chemical reaction for use in a commercial process should 
yield only one product and this a pure one. However, this situation 
is infrequently realized and one must therefore consider the problem of 
utilization of by-products. The solution to this problem often makes 
the difference between success and failure. Finally, the feasibility of 
putting a chemical process into operation must be studied in relation 
to the existing or possible future competition, both domestic and 
foreign. Attention has been called previously to certain competitive 
chemical processes, and numerous additional cases will be cited in the 
following discussions. 


ACIDS 

Although a large number of acids are known to the chemist, only a 
few of them are produced by the chemical industries on a tonnage 
basis. Of these, the most important are hydrochloric, nitric, phos- 
phoric, and sulfuric acids. 
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31.2. Hydrochloric Acid 

At the present time, hydrochloric acid is produced commercially 
(a) from sodium chloride and sulfuric acid, (6) by the direct union of 
chlorine and hydrogen, and (c) as a by-product of other chemical 
processes. Although each of these sources contributes materially to 
the available supply of hydrochloric acid, the latter source is becoming 
increasingly important. 

Preparation from Sodium Chloride and Sulfuric Acid. The 

chemical changes involved in this procedure are the same as those 



Fig. 133. — Furnace for the production of hydrochloric acid. {Courtesy of Badger 
and Baker, Inorganic Chemical Technology, McGraw-Hill Book Company, Inc,) 

cited in connection with the discussion of the laboratory preparation 
of hydrogen chloride, i.e., 

Na+CI- + H+HSOr Na+HSOr -f FRJI 
Na+CI- + Na+HSOi* Na+S07 + HCI 

The first of the reactions represented above takes place readily at only 
slightly elevated temperatures. The second, however, requires con- 
siderably higher temperatures which may approach (but should 
not exceed) the melting temperature of sodium sulfate, i.e., 884°C. 
Although the type of apparatus used commercially may be illustrated 
by Fig. 133, other types of furnaces are also employed. A charge of 
salt and sulfuric acid is placed in the cast iron pan A, where the first 
step in the reaction occurs. This charge is then moved through the 
opening at B and onto the hearth represented at C, where, under the 
influence of higher temperatures, the second reaction occurs. In 
the meantime, another charge of salt and acid is introduced into the 
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pan A and is ready for transfer to C as soon as the preceding batch has 
reacted and the by-product sodium sulfate, known commercially as 
salt cake, has been removed. The hydrogen chloride so produced is 
removed (under suction) from the furnace through the flues D and E. 
Thereupon, these gases are cooled and absorbed in water to form 
hydrochloric acid solution of any desired concentration. 

Preparation by Direct Union. Some of the chlorine produced 
as a by-product of the electrolytic production of sodium hydroxide 
(Sec. 22.5) is combined directly with hydrogen. The hydrogen is first 
fed into a quartz burner where the hydrogen is ignited in air, after 
which chlorine is introduced, and the hydrogen continues to burn in 
the atmosphere of chlorine to form substantially pure hydrogen chlor- 
ide. There remains only the necessity of cooling the hydrogen chloride 
and dissolving it in water. 

The simplicity of this process suggests that it should be used to the 
exclusion of the more involved procedure involving the reaction 
between salt and sulfuric acid. However, producers of sodium hydrox- 
ide do not use their by-product chlorine in this manner if there is a 
sufficient demand for the elemental chlorine as such. Furthermore, if 
a profitable market for sodium sulfate exists, it may be cheaper to 
produce hydrochloric acid from salt and sulfuric acid than from the 
elements. Finally, another competitive aspect to this situation arises 
in connection with the availability of by-product acid. 

By-product Hydrochloric Acid. In the commercial production 
of many organic chemicals, hydrogen chloride is a by-product of tlie 
reactions employed. Thus, in the manufacture of clilorobenzene, 

CeHe “h Ui2 CfiHsCl -|- HCl 

Benzene Chloro- 

benzene 

hydrogen chloride is liberated. After removal of impurities, the 
hydrogen chloride is absorbed in water to form hydrochloric acid. 
Because so many reactions used in the organic chemical industries 
produce hydrogen chloride as a by-product, this promises to become 
the single most important source of supply of hydrochloric acid. 

Properties and Uses of Commercial Hydrochloric Acid. The 
crude product obtained from salt and sulfuric acid contains ferric 
chloride as an impurity. This acid has a light yellow color (owing to 
the presence of ferric chloride) and is known as muriatic acid. The 
hydrochloric acid produced by the other two methods is colorless and 
usually of a high degree of purity. The purest commercial hydro- 
chloric acid is that made by direct union of the elements. 
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Large quantities of hydrochloric acid are used in the metallurgical 
industries, particularly in the pickling of iron used for galvanizing and 
in the manufacture of wire. The processes of electroplating and 
etching also require considerable quantities of this acid. Most of the 
chemical industries use appreciable quantities of hydrochloric acid. 
The textile industries use this acid in dyeing and printing processes as 
well as in the manufacture of artificial silks and cotton goods. In th(^ 
ceramic industries, hydrochloric acid is used in the purification of sand 
and clays used in the manufacture of glass and pottery. The acid is 
also used in the manufacture of dextrose, gelatin, glue, soaps, and a 
multitude of other chemical products. 

31.3. Nitric Acid 

So far as domestic production of nitric acid is concerned, only one 
process nec^d be considered since all but a very small quantity of the 
nitric acid produced in this country is made by the catalytic oxidat ion 
of ammonia. In addition, a little-used method and one obsolete 
method will be discussed briefly. 

Ostwald Process. This, the most widely used method for the 
production of nitric acid, depends upon the oxidation of ammonia by 
atmospheric oxygen in the presence of a catalyst consisting of gauze 
made of platinum or of platinum and rhodium. The reaction 

4NH3 4" 5O2 4N0 4- 6H2O 

is carried out in a reaction chamber of the type shown in Fig. 134, at 
temperatures ranging from 600° to 900°. Upon leaving the reaction 
chamber the gases are cooled and more atmospheric oxygen is provided 
to permit the occurrence of the reaction 

2ND 4- D 2 2 ND 2 

The resulting nitrogen dioxide is then transferred to an absorption 
chamber and allowed to react with warm water. 

3 ND 2 4- H 2 O 2H+NOr 4- ND 

The nitric oxide liberated in this reaction is recovered and reconverted 
to nitrogen dioxide, and the nitric acid solution is concentrated and 
purified by distillation. Ordinarily, the nitric acid produced in this 
manner is about 50 per cent HNOj. A more concentrated product 
may be obtained by distilling mixtures of nitric and sulfuric acids. 

Production of Nitric Acid from Sodium Nitrate. Although 
widely used in the past, this method now accounts for less than 10 per 
cent of the nitric acid produced in the United States. In this process. 
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dried sodium nitrate and sulfuric acid are heated to about 150° in a 
retort. 

NO 3 - -f H+HSO 7 Na+HSOr + FTiTOa 

The nitric acid vapors are led from the retort through a series of con- 
densers and finally into absorption towers in which the acid is dis- 


GAS INLET 



GAS OUTLET 


Fig. 134. — Catalyst chamber for the oxidation of ammonia. {Churiesy of Badger 
and Baker, Inorganic Chemical Technology, McGraw-Hill Book Company, Inc.) 

solved in water. The by-product sodium hydrogen sulfate is known as 
niter cake. Although it would seem reasonable to expect that this 
material might be used in a second reaction 

Na+NOg- + Na+HS 07 Na+SOr + Tm5z 

to produce more nitric acid, this reaction is not used commercially 
because the temperature required for its occurrence is sufficient to 
decompose the nitric acid thereby formed. 
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Arc Process. The arc or Birkeland-Eyde process was devised in 
Norway. Tliis process is no longer used and is of interest here only 
because of certain unusual features. By this method,^ the endotherrnal 
reaction 


Tiz +^ 2 ^ 2W5 - 43,000 cal. 


utilized atmospheric oxygen and nitrogen. By means of a powerful 
magnetic field, an electric arc was spread into a large disk and air was 
blown through the flame at temperatures in exc^ess of 3000°C. Under 
these conditions, approximately 4 per cent of the atmospheric nitrogen 
was converted to nitric oxide. After passing through the arc, the 
gases were cooled to 1000°, whereupon the nitric oxide reacted witli 
more atmospheric oxygen to form nitrogen dioxide which was subse- 
quently hydrated to form dilute nitric acid. Despite the fact that no 
expense is involved in the way of raw materials, the high cost of the 
electric power required made it impossible for this process to compete 
with the Ostwald process. However, an abundant supply of cheap 
hydroelectric power in Norway permitted the arc process to be oper- 
ated economically for more than twenty-five years. 

Uses of Nitric Acid. Most of the nitric acid produced is used in 
the manufacture of explosives. This is done either by converting tlu^ 
acid into its salts, the nitrates, or by using the acid in the nitration of 
certain organic compounds. Some of these nitrated organic sub- 
stances are used as explosives while others are used in the manufacture 
of dyes, medicinals, etc. Nitric acid is used also in the production of 
fertilizers and many other chemicals. 

31.4. Sulfuric Acid 

Much has been written about the role of sulfuric acid as an index to 
national prosperity. Since this acid is generally considered to be one 
of the most important heavy chemicals and is used in so many of the 
industries, it is possible to evaluate trends in economic conditions by 
following the trends in the consumption of sulfuric acid. This applies 
not only to industry but also to agriculture because of the use of sul- 
furic acid in the manufacture of fertilizers. 

There are two processes by which sulfuric acid is produced com- 
mercially. Because it can be described more simply, the newer 
process will be considered first. 

Contact Process. This process has been in use for about fifty 
years and involves the use of the equipment shown diagrammatically by 
Fig. 135. The first step in the process is the formation of sulfur diox- 
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ide either by the burning of sulfur, 

S -i“ O2 — ♦ SO* 

or by the burning of pyrite, galena, sphalerite, or other sulfides. If 
sulfur is used, the sulfur dioxide requires but little purification but, if 
sulfide ores are employed, extensive and costly purification is necessary 
in order to remove arsenic and selenium oxides, halogens, and other 
impurities. After its formation in the sulfur burner, the sulfur dioxide 



Sulfur Oust Coolincj Scrubbers Contact Absorber 

burner catcher coils mass 


Fig. 135. — The contact process. 

is passed successively through a dust catcher, cooling coils, and scrub- 
bers. The gas is then led into a reaction chamber containing a suitable 
catalyst and maintained at 350° to 400°C. In this step, the reaction is 

2502 + U 2 ^ 25 D 3 -f 45,200 cal. 

The successful operation of the contact process became possible 
only through a knowledge of chemical equihbrium and the factors that 
influence such equilibrium. Since the reaction is exothermal, the tem- 
perature must be controlled carefully in order to avoid favoring the 
reverse jeaction, Le., the decomposition of the desired sulfur trioxide. 
Although the forward reaction is favored by increase in pressure, this 
is not done in practice since 97 to 99 per cent conversion of sulfur 
dioxide to sulfur trioxide can be accomplished at the temperature 
specified above, provided suitable catalysts are used. The first 
catalyst used for this reaction consisted of finely divided platinum 
dispersed in asbestos, anhydrous magnesium sulfate, or silica gel. In 
recent years other catalysts have been discovered. Mixtures of ferric 
and cupric oxides are useful, but these are less efficient than platinum. 
Certain mixtures containing vanadium pentoxide (V 2 O 6 ) and other 
compounds of vanadium appear to be as or better than platinum. 
There has been much controversy over the relative merits of platinum 
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and vanadium catalysts, and only time will provide the answer as to 
which is best. 

The sulfur trioxide is finally led into an absorber where the gas is 
dissolved in concentrated sulfuric a^id. This is necessary since sulfur 
trioxide does not dissolve readily in water or in dilute sulfuric acid. 
However, after the trioxide has been dissolved in concentrated acid 
and this solution is added to water, the trioxide hydrates to form sul- 
furic acid. 

$03 + H2O — H2SO4 

Obviously, the concentration of the final product is governed by the 
quantity of water employed. In most contact plants, the quantity of 
water used is such that the final product is a concentrated acid (about 
96 per cent of H2SO4). 

The chief advantages of the contact process are (a) the high purity 
of the product and (b) the fact that the product is a concentrated acid. 
Disadvantageous factors are the high cost of the catalysts and the fact 
that, if sulfides are used as raw materialg^ costly purification of the 
sulfur dioxide is necessary because impurities such as arsenic trioxide 
and selenium dioxide '‘poison” the catalyst (i.e., render the catalyst 
inactive). Platinum catalysts are particularly sensitive to these 
impurities while vanadium catalysts are claimed to be free from this 
disadvantage. 

Lead-chamber Process. The essential features of the lead- 
chamber process are shown in Fig. 136. Tliis process has been used 
for over seventy years, and the details of equipment and operation are 
essentially the same today as when the proc‘ess was first designed. 

Sulfur dioxide is produced by burning either sulfur or a sulfide such 
as pyrite in the furnace 0. The dioxide is then mixed with the 
catalyst, NO, which may be prepared in either of two ways. In the 
older method, nitric acid vapor is formed in the “niter pot” R and, 
upon coming into contact with sulfur dioxide, nitric oxide is formed in 
accordance with the following equation: 

2HNO3 “f* 3§02 — * 2NO “1“ SSOs "f" H 2 O 

However, the more modern practice is to produce the nitric oxide by 
the catalytic oxidation of ammonia in the manner already described. 
The gases are then passed into the Glover tower A, where thorough 
mixing occurs. This tower (25 to 30 ft. high and 10 to 20 ft, in 
diameter) is usually constructed of heavy sheet lead or acidproof 
stoneware and is filled wit|| quartz or stoneware tower packing. The 
gaseous mixture leaves the Glover tower at B and enters (at C) the 
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first of the lead-lined chambers from which the name of the process 
originated. 

Although only two of these reaction chambers are shown in Fig. 
136, from three to six are ordinarily used. The dimensions vary con- 
siderably and may be 50 to 150 ft. in length, 15 to 25 ft. in height, and 
20 to 30 ft. in width. Although these may be of the same size, the 
first chamber is usually larger than the others. All these chambers 
are lined with sheet lead for the reason that this metal reacts with sul- 
furic acid to produce a tenacious coating of insoluble lead sulfate, which 
thereafter protects the underlying metallic lead from further attack 
by the acid. 


0 

Fig. 136. — The lead chamber process. 

In addition to the gaseous mixture that enters the chambers from 
the Glover tower, steam is introduced at £>. Consequently, there are 
present all the reactants necessary for the formation of sulfuric acid. 
The reactions that occur in the chambers are rather complex and 
not fully understood. However, the following equations probably 
describe the principal changes. Nitrosyl sulfuric acid is formed by 
the reaction, 
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or by reduction with sulfur dioxide, 

0»N-0 O HO O 

2 S + SCj + 2 FIICT ->3 S + 2W3 

HO O HO O 

The dilute sulfuric acid is drained from the chambers and contains from 
60 to 65 per cent of H2SO4. This acid is usually used in this concentra- 
tion. Although there are several inconvenient and somewhat costly 
processes for the concentration of the lead-chamber acid, it is becoming 
increasingly difficult to concentrate this product economically in view 
of the ease with which concentrated sulfuric acid may be produced 
directly by the contact process. 

From the foregoing equations, it is seen that nitric oxide is liberated 
upon formation of sulfuric acid. In order to avoid loss of this catalyst, 
the gases that leave the last chamber are led upward through the 
packed Gay-Lussac tower //, against a downward spray of concentrated 
sulfuric acid. Nitric oxide and nitrogen dioxide are dissolved by vir- 
tue of the re-formation of nitrosyl sulfuric acid. 

0»N-0 O 

\ 

ND + NC, + 2 H 2 SO 4 -*2 S + HjO 

HO O 

The resulting solution of nitrosyl sulfuric acid in concentrated sulfuric 
acid is withdrawn at the bottom of the Gay-Lussac tower, and this 
so-called niter acid is transferred by means of compressed air to the 
top of the Glover tower. Here it is allowed to mix with dilute acid 
or with water and this dilution, together with the rise in temperature 
due to both the heat of dilution and the contact with the hot gases 
streaming upward in the Glover tower, liberates nitric oxide and 
nitrogen dioxide. The catalyst is again made available and is ready 
to begin another cycle of operation. This recovery of catalyst is 
fairly efficient, but some of the oxides of nitrogen are lost and the 
required quantity of catalyst must be maintained by frequent intro- 
duction of fresh portions of nitric acid. 

The lead-chamber process is more economical than the contact 
process but it produces a more dilute and less pure product. Thus, the 
chamber process can compete only in the market that can use a rela- 
tively impure and dilute acid. Although chamber acid plants now in 
use will undoubtedly be operated for many years to come, it seems 
probable that all sulfuric acid plants constructed in the future will 
employ the contact process or some still more efficient process. 
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Uses of Sulfuric Acid. It is not feasible here to do more than 
mention briefly the major uses of this acid. Of these, the use of dilute 
sulfuric acid in the manufacture of fertihzers (such as ammonium 
sulfate and primary calcium phosphate) is the most important from 
the standpoint of quantity of acid consumed. For these purposes, 
lead-chamber acid is adequate, and some fertilizer companies operate 
their own lead-chamber plants. 

Large quantities of this acid are used in the metallurgical industries 
in the pickling of iron and steel (Sec. 27.9), in the production of zinc 
(Sec. 22.1), in the electrolytic refining of copper (Sec. 22.2) and othei 
metals, in electroplating operations (Sec. 22.3), etc. 

In the petroleum industry, sulfuric acid is used in refining processes 
to remove certain undesired components from crude petroleum. This 
acid is also employed in large quantities in the manufacture of explo- 
sives, paints, pigments, storage batteries, textiles (rayon and other 
cellulose products), dyes, drugs, etc. 

In addition to the chemicals mentioned above, many others are 
manufactured by processes involving the use of sulfuric acid. Hydro- 
chloric (Sec. 31.2) and nitric (Sec. 31.3) acids, w^hich have already been 
discussed, may be cited as examples. Others include phosphoric acid 
(Sec. 31.5), sodium carbonate (Sec. 32.4), sulfates, alums, etc. 

31.5. Phosphoric Acid 

The old but still useful method for the production of phosphoric 
acid involves treatment of phosphate rock, bones, or other material 
containing phosphates, with sulfuric acid at elevated temperatures. 

Cai-+(P 04 )r + 3H+S07 2 H 3 PO 4 + 3Ca++SOr 

Filtration provides a dilute solution of impure phosphoric acid which 
is then subjected to procedures designed to provide for both purifica- 
tion and concentration in whatever degree may be necessary. 

The more modern process is based upon the previously described 
method for the production of elemental phosphorus (Sec. 28.9) from 
phosphate rock. Pure white phosphorus is oxidized to phosphorus 
pentoxide which is then hydrated to form phosphoric acid. This 
method is particularly useful where a concentrated product of high 
purity is sought. 

Uses of Phosphoric Acid. Although some phosphoric acid is 
used in the rustproofing of iron and in the manufacture of most high- 
grade phosphate fertilizers, the major uses for this acid are still con- 
cerned with the production of other chemicals* Baking powders, 
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phosphate sirups for use in making soft drinks, water-softening agents, 
etc., may be cited as typical examples. 

From phosphoric acid (H3PO4) one may produce other acids of 
phosphorus. Thus, pyrophosphoric acid is formed by the mutual 
dehydration of 2 molecules of H3PO4 by application of heat, 

225°C. 

2 H,P 04 > H4P2O7 -f H2O 

or 


^OH 

0=P“0H 


^olH 

0=P-0H 

''OH 


zzs-c. 


HOH 


0=P 

+ 0 


OH 

OH 


0=P 


^OH 

^OH 


Further, an elevation of temperature to 400° converts pyrophosphoric, 
acid to metaphosphoric acid, 


or 


400^C. 

H4P2O7 ^ 2 HP 03 -h H2O 


o=rp""y" 

nOH 


OiHj 


-h 


o=p: 


■OH 


400‘’C. 


2H0-P. 


HOH 


An inspection of the foregoing graphic formulas will show that the 
valence of phosphorus is the same in all three of these acids, i.e., they 
are all phosphoric acids. The prefixes pyro- and meta- are used in the 
naming of H4P2O7 and HPO3, respectively, while ordinary phosphoric 
acid (H3PO4) is more properly designated as ori/iophosphoric acid. 

Sodiunx hexametaphosphate [(NaP 03 ) 6 ], which is the sodium salt 
of metaphosphoric acid, is an important chemical sold under the trade 
name of Calgon and used in the treatment of industrial water supplies. 


BASES 

In general, the commercial production of soluble bases does not 
introduce any problems that have not been considered heretofore. 
Accordingly, the methods used for the production of these compounds 
will be mentioned only briefly. 
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31.6. Sodium and Potassium Hydroxides 

The production of sodium hydroxide by electrolysis has been 
described (Sec. 22.5) in sufficient detail, and this procedure serves 
equally well for the production of potassium hydroxide. 

The older method for the production of sodium (or potassium 
hydroxide) is sometimes called the chemical process to distinguish it 
from electrolytic processes. The chemical process involves the treat- 
ment of sodium carbonate with calcium hydroxide. 

Na+CO: + Ca++(OH) 2 - 2Na+OH- -f CaCOa 

Removal of the precipitated calcium carbonate by filtration provides 
a filtrate consisting of sodium hydroxide solution, which may be used 
as such or which may be purified and evaporated to supply solid sodium 
hydroxide. 

In recent years, the greatly iru^reased demand for by-product 
chlorine has resulted in an increase in the production of sodium hydrox- 
ide by the electrolytic process. At the present time, the chemical and 
electrolytic processes produce about the same quantities of sodium 
hydroxide but, if the trend mentioned above continues, the chemical 
process will probably be used less in the future. 

More than a million tons of sodium hydroxide are produced 
annually in the United States. This chemical is used in the manufac- 
ture of rayon and other textiles, pulp and paper, in the refining of 
petroleum and vegetable oils, in reclaiming used rubber, and in the 
production of a wide variety of other chemicals. 

31.7. Calcium Hydroxide 

This compound and the corresponding compounds of the related 
elements, barium and strontium, are produced by the hydration of their 
oxides. Thus, calcium hydroxide (slaked lime) is made by addition of 
water to calcium oxide (quicklime). 

CaO -f HiO Ca++(OH )^ 

If the quantity of water added is, only that required in the reaction, 
the product is a white powder. 

Because it is cheap, calcium hydroxide is used in many chemical 
processes that require a strong base. It is used in the production of 
sodium hydroxide (see above), ammonia, bleaching powder (Sec. 30.6), 
and many other chemicals. Calcium hydroxide is also used as an 
insecticide in the form of “lime-sulfur spray,’’ in water softening, and 
in the production of numerous materials such as stucco and mortar 
which are so widely used in the building construction industries. 
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31.8. Ammonium Hydroxide 

The production of ammonium hydroxide {aqua ammonia) is accom- 
plished simply by dissolving gaseous ammonia in water. Under 
atmospheric pressure at 20°C., 710 liters of ammonia gas will dissolve 
in 1 liter of liquid water. The resulting solution is a weak base because 
of the occurrence, to a slight extent, of the forward reaction, 

NH3 + HOH — NH4OH 

Ammonium hydroxide is an important and useful reagent both in the 
industries and in the laboratory. Large quantities of dilute aqueous 
ammonia are used as a cleansing agent. 

EXERCISES 

1. Make a complete list of all the commercial processes discussed in this chap- 
ter and, for each process, 

(а) Write equations for the chemical changes involved. 

(б) Make a list of the raw materials required. 

(c) Make a list of the by-products, if any. 

2. In the manufacture of sulfuric acid by the lead-chamber process, what is 
the function of (a) the Glover tower, (6) the Gay-Lussac tower? 

3. (a) Describe briefly the electrolytic production of sodium hydroxide. 
(6) What bearing does this process have upon the choice of methods for the com- 
mercial production of hydrochloric acid? 

4. List leirge-scale uses for (a) hydrochloric acid, (6) sulfuric acid, (c) phos- 
phoric acid, (d) nitric acid, (e) sodium hydroxide, (/) calcium hydroxide. 

5. Compare the contact and lead-chamber processes from the standpoint of 
(a) adaptability to different raw materials, (6) cost of operation, (c) nature of 
catalysts used, (d) quality of the product, (c) concentration of the product. 

6. Explain why one is justified in looking upon nitric oxide (as it is used in 
the lead-chamber process) as falling within the scope of the usual definition of the 
term, catalyst. 

7. Identify the terms: (a) niter cake, (6) muriatic acid, (c) salt cake, (d) 
Calgon, (e) slaked lime, (/) quicklime. 

8. By means of equations involving graphic formulas, show the relationship 
between ortho-, pyro-, and meta-phosphoric acids. 

9. Why is it more accurate to refer to a solution of ammonia in water as aqueous 
ammonia (or aqua ammonia) rather than ammonium hydroxide? 

10. Phosphate rock deposits are located far from the market for phosphoric 
acid. If one were using the electric furnace process, how could one avoid the cost 
of transporting phosphoric acid to the existing market? 
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CHAPTER XXXII 


COMMERCIAL PRODUCTION AND UTILIZATION 

OF SALTS 

A review of the commercial processes studied thus far will serve to 
illustrate the frequency with which salts serve as raw materials for the 
chemical industries. The salts so employed may be either naturally 
occurring materials or the principal products or by-products of other 
large-scale chemical operations. It is not feasible here to consider 
these matters either broadly or exhaustively; only a few of the more 
common types of salts will be considered briefly in the following 
sections. 


CHLORIDES 

The chlorides are, of course, the salts of hydrochloric acid and 
include many common and useful substances. Among others, sodium 
chloride, calcium chloride, zinc chloride, the chlorides of mercury, etc., 
are produced in considerable quantities and serve a variety of needs. 
Of these, only sodium chloride will be considered in detail. 

32.1. Sodium Chloride 

If one were to single out one chemical substance and designate it as 
being of first rank as a raw material for the chemical industries, that 
substance would probably be sodium chloride. The annual production 
of this material amounts to approximately 30 million tons, of which 
about one-fourth is produced in the United States. Other countries 
that produce large quantities of salt are Russia, Germany, France, 
Great Britain, India, and China. Within this country, the chief salt- 
producing areas are found in the states of Michigan, New York, Ohio, 
California, Louisiana, Kansas, West Virginia, and Texas. Salt is 
obtained from both underground deposits and the salt waters of the 
oceans and salt lakes. 

Methods of Production. In any case, the method by which salt 
is produced from naturally occurring materials is determined by the 
quality of the product desired. In Louisiana and Texas, salt is pro- 
duced by mining in a manner essentially the same as for any pther 
underground mining operations. In these regions, a product of high 
purity (99.8 per ceut of NaCl) is obtained directly. However, the salt 
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Fig. 137. — Section of a salt well, (Courtesy of Badger and Baker , Inorganic Chemical 
Technology, McGraw-Hill Book Company, Inc.) 
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produced in Michigan, New York, and Kansas by this type of mining 
is relatively less pure. 

More commonly, salt is produced by the evaporation of natural 
brines which are formed by pumping water into salt wells and subse- 
quently pumping the resulting brine to the surface. A diagram of a 
typical salt well is sliown in Fig. 137. These brines usually contain 
sodium chloride as the main solute together with relatively small quan- 
tities of other salts, such as sodium and calcium sulfates, potassium 
and magnesium chlorides. Upon evaporation of the water, therefore, 
the resulting solid will consist largely of sodium chloride but, if a purer 
product is desired, the brine must be suitably treated to remove at 
least the major portion of the impurities. 

Uses. The most familiar use of salt is in the seasoning of foods. 
Ordinary table salt is a relatively pure product, yet one that contains 
some hygroscopic magnesium chloride which, in humid weather, causes 
the salt to become moist an^ to pack. To prevent this, it is common 
practice to add inert materials such as starch, magnesia, or calcium 
phosphate, which form a protective coating on the surface of the salt 
crystals and thus retard the absorption of moisture from the surround- 
ing atmosphere, or to add sodium hydrogen carbonate to convert the 
magnesium chloride into the nonhygroscopic carbonate. Iodized salt 
contains a small percentage (usually about 0.0025 to 0.0030 per cent) 
of potassium iodide. 

As already indicated, vast quantities of salt are used in the chemical 
industries in the production of other chemicals. Including these 
indirect as well as the direct uses, there are more than a thousand more 
or less distinct uses for this chemical. Some of these uses are sum- 
marized in Fig. 138. 

CARBONATES 

Since carbonates are salts of carbonic acid, both the acid salts and 
the normal salts are included under this heading. Of the many known 
salts that belong to this class, those most extensively used in the chemi- 
cal industries are calcium carbonate and the carbonates of sodium. 

32.2. Calcium Carbonate 

In the form of ordinary limestone, calcium carbonate is a very 
abundant raw material. In addition to calcium carbonate, limestone 
contains a variety of impurities, notably compounds of iron, aluminum, 
magnesium, silicon, etc. The mineral dolomite is the double carbonate 
of calcium and magnesium (CaCOs’MgCOa). Eggshells, oystershells, 
coral, and similar materials contain high percentages of calcium car- 
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bonate. The mineral calcite is nearly pure calcium carbonate. Includ- 
ing all sources, about 100 million tons of limestone are mined annually 
in the United States. Although this material is produced in practicall y 
all the 48 states, Ohio, Illinois, Michigan, Pennsylvania, and New York 
are the largest producers. 

Uses. In the form of large compact blocks of ordinary limestone oi“ 
in the form known as marble, large quantities of calcium carbonate ar(‘ 
used as building stones. Limestone is also used in the building of 
roads, in the manufacture of (cement, in the metallurgical industries, 
and as a fertilizer on acidic soils. 

Calcium carbonate in the form of limestone is the source of all of the 
lime and much of the carbon dioxide produced in this country. When 
calcium carbonate is heated to about 900°, it decomposes as shown 
by the following equation: 

CaCOa CaO -f- CO2 

and this reversible reaction proceeds to completion if the gaseous car- 
bon dioxide is progressively removed as tlie reaction proceeds. 

On a commercial scale, lime is produced by heating crushed linie- 
stone in large furnaces or kilns of the type shown in Fig. 139. The 
usual lime kiln is about 50 ft. in height and is constructed so that heat- 
is supplied by fireboxes located near the bottom of the kiln. A current 
of air is admitted at the bottom, and this air serves to cool the lime 
near the bottom of the kiln and provides oxygen for the burning of the 
fuel used in the fireboxes. Further, this upward flow of gas serves to 
carry out the carbon dioxide as rapidly as it is liberated. The residual 
solid lime (quicklime) is removed periodically at the bottom, and new 
charges of limestone are admitted at the top. 

When quicklime (CaO) is brought into contact with water, calcium 
hydroxide (slaked lime) is formed and heat is liberated in the process. 

CaO -f H2O Ca++(OH)r 

32.3. Sodium Hydrogen Carbonate 

Although sodium hydrogen carbonate (commonly known as sodium 
bicarbonate) is a component of the naturally occurring double salt 
Na 2 C 03 NaHC 03 * 2 H 20 , known as Irona, practically all of the commer- 
cial product is manufactured from sodium chloride, ammonia, and 
carbon dioxide by the Solvay process, which was devised in 1863 by 
Ernest and Alfred Solvay, two Belgian chemists. It is very widely 
used and is the source of most of the world’s supply of sodium hydrogen 
carbonate (and, as will be shown later, of normal sodium carbonate as 
well). The Essential chemical changes involved in the Solvay process 
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NHa + H20;=i NH4OH 
CO, + H2O H2CO3 
NH4OH + H2CO.3 H2O + NH+HCOg- 
NH+HCO7 + Na^CI- -> + NH+CI- 

The precipitation of NaHCOs from aqueous solutions is carried out 
below 15°C., under which conditions the acid carbonate is only slightly' 
soluble. The product so obtained is usually quite pure. 



Fig. 139. — ^Linie kiln. 


It will be noted that ammonia used in the Solvay process appears 
at the end of the above series of reactions in the form of the by-product, 
ammonium chloride. The ammonia is recovered by treating the solu- 
tion (containing the ammonium chloride) with lime, 

CaO -f H2O Ca+‘"(OH)i’ 

2NH+CI- -f Ca+-^(OH)2- 2NH3 + 2H2O + Ca^+CIi" 

The over-all efficiency of recovery of ammonia is commonly in the 
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neighborhood of 99 per cent; hence, most of the ammonia is used over 
and over again in the process. The lime used in the recovery of 
ammonia is ordinarily produced by the thermal decomposition of 
limestone. 

C51CO3 — ► ChO “f- CO2 

a reaction that also furnishes carbon dioxide, which is one of the raw 
materials used in the main process 

32.4. Sodium Carbonate 

The normal carbonate (commonly known as soda) occurs in nature 
as natron (Na 2 CO 3 * 10 H 2 O), thermonatrite (NaaCOs H^O), irona (Na 2 C 03 *-- 
NaUCOs ^HoO), and as soda brine. Deposits of these materials are 
widely distributed and some of the more important deposits are found 
in the United States, Africa, China, Siberia, South America, and Central 
Europe. In the United States, the most important sources are those 
of Owens Lake and Searles Lake in California and the Green River 
deposits in Wyoming. Despite the existence of these minerals in 
nature, only about 3 per cent of our domestic supply of soda comes 
from these sources. In fact, the total tonnage of soda produced from 
all natural sources is not very large when compared to the tonnage 
produced by the Solvay and LeBlanc processes. 

Solvay Process. Sodium hydrogen carbonate having been pro- 
duced by the Solvay process as described in Sec. 32.3, the normal car- 
bonate is made by heating the acid salt to 175° to 190°C. in a rotary 
drier. 

2IMaHC03 — > Na2C03 N2O CO2 

Of course, the liberated carbon dioxide is returned to the main process 
and used again to make more of the acid salt. 

LeBlanc Process. In 1775 the French Academy of Sciences 
offered a prize of 100,000 francs to anyone who could devise a process 
for the production of soda from raw materials found in France. The 
prize was claimed (but never received) in 1791 by Nicolas LeBlanc, who 
used ordinary salt, sulfuric acid, coke, and limestone as the starting 
materials. The essential reactions involved are 

NaCI -f H2SO4 — NaHS04 + HCI 
NaCI + NaHS04 NaaSO* + HCl 
Na 2 S 04 “f" 2C — > Na2S -f* 2CO3 
Na2S “I" GaCQs — ^ NajCOs "t* CaS 

The first of these reactions occurs at ordinary temperatures, some heat- 
ing is required for completion of the second, while the third and fourth 
are carried out in a furnace at about 1000®C. 
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The sodium carbonate is extracted in water, purified, and sold as 
sal soda (Na2CO3*10H2O), glassmaker's soda (Na2C03-H20) or as the 
anhydrous salt (Na2C03) which is commonly known as soda ash. 

Further details of the LeBlanc process are omitted here for the 
reason that it is primarily of historical interest. The Solvay process is 
so superior in all respects that the LeBlanc process is used little, if at 
all, at the present time and has never been used in the United States. 
It is of interest, however, to point out that, while the primary product 
of the LeBlanc process is the normal carbonate, it may be converted 
to the acid carbonate by treatment with carbon dioxide in aqueous 
solutions. 

NatCOT + H2O + CO2 2 Na+HCOr 

Uses of Sodium Carbonate. In its various forms, more than 3 
million tons of soda are used annually. Approximately one-half of this 
amount is used in the production of other chemicals, about one-fourth 
is used in the manufacture of glass, and the remainder is used for a 
variety of purposes including the production of pulp and paper, soap, 
textile products, and petroleum. Appreciable quantities of sodium 
carbonate are also used in the “softening” of natural waters. 

32 . 5 . Chemical Treatment of Natural Waters 

Both directly and indirectly, the general problem of purification 
and treatment of natural waters is related to the chemical and physical 
properties of the normal and acid salts of carbonic acid. 

The common impurities in natural waters consist of suspended solid 
organic and inorganic materials and of certain dissolved salts, particularly 
the acid carbonates, chlorides, and sulfates of sodium, calcium, and 
magnesium. The solid matter may be removed by filtration, the pres- 
ence of limited quantities of sodium salts is not objectionable, and the 
calcium and magnesium salts are eliminated only through appropriate 
chemical treatment. The ions that are most objectionable are Ca"*“”^, 
Mg++, and HCOj. If calcium and magnesium ions are allowed to 
remain in water for use in laundries, they react with soap to form 
insoluble salts. Thus, a considerable quantity of soap may have to be 
added to “soften” the water and no cleansing action is secured until 
all the calcium and magnesium ions have been precipitated. This 
results not only in an enormous waste of soap but also in the appear- 
ance of an undesirable and unsightly scum of insoluble salts. If Ca*^ 
and Mg-^ ions together with HCO7 ions are permitted to remain in 
water for use in steam boilers, hot-water heating pipes or radiators, 
conversion to insoluble normal carbonates results in the formation of 
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scale or incrustation known as boiler scale (Fig. 140). The formation 
of these deposits not only results in lowered efficiency of the boilers or 
heating systems but also may lead to serious explosions if the scale 
deposits become excessive. 

The particular chemical treatment to which natural waters are 
subjected depends upon the use or uses for which the water is intended. 
If water is intended for human consumption, provision must be made 
for the elimination of significant quantities of harmful bacteria. This 
is accomplished in part by the chemical treatment designed to remove 
“hardness,” but it is accomplished most effectively by treatment with 
chlorine, the characteristic odor of which is frequently detectable in 
municipal water supplies. 



Fig. 140. — \ boiler lube containing a heavy deposit of scale. (Coarlesy of The 

Per mill it Company.) 

Temporary Hardness. Probably because of the ease with which 
these impurities may be removed, the acid carbonates of calcium and 
magnesium (and in some cases ferrous iron) are said to constitute 
temporary hardness in water. This type of hardness may be removed 
by boiling the water, whereupon the soluble acid carbonates are con- 
verted to the insoluble normal carbonates which may be removed by 
filtration. 


Ca++(HC03)r CaCOa H 2 O + ^2 
Mg+'^(HCO)^ -> MgCQ s + H2O -f- CO2 

Although this method could be used on a small scale, its use in the 
treatment of municipal water supplies would involve prohibitive costs. 
Accordingly, adveintage is taken of the fact that the objectionable ions 
may be removed by treatment with a base such as calcium hydroxide 
(slaked lime). 
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Ca^+(HC 03 )r + Ca++(OH)r -> 2 H 2 O + 2CaC0, 

Mg+-^(HC 03 )r + Ca++(OH)r -^2H20 + MgCO s + CaCO a 

Permanent Hardness. Although the use of the adjective per“ 
manent is inappropriate, permanenl hardness is the term commonly 
used to describe the hardness due to the presence of the chlorides and 
sulfates of calcium and magnesium. This type of hardness may be 
removed by treatment with sodium carbonate. 

Ca++CI^ + Na^COr CaCOa -f 2Na+CI- 
Mg++S 07 -f- Naj^COr MgCO a 4- NafSOr 

The sodium carbonate is usually added in the form of soda ash. 

Lime-soda Process. Combination of the use of slaked lime for 
tlie removal of temporary hardness and sodium carbonate for the? 
removal of permanent hardness constitutes the lime-soda process for 
tlie softening of natural waters. This method is commonly used in 
municipal water-treatment plants and is a cheap and yet fairly effec- 
tive process. If suflicaent time can be allowed, the insoluble car- 
bonates may be permitted to settle out in settling basins or more 
rapidly removed by means of filters. Frequently, iron or aluminum 
salts are added, and these hydrolyze to form gelatinous precipitates of 
ferric or aluminum hydroxides. As these precipitates settle slowly, 
they carry with them the insoluble normal carbonates, as well as any 
other suspended matter such as sand, clay, or organic matter which 
otherwise is sometimes slow in settling. 

Zeolite Processes. In recent years there has been developed a 
simple and remarkably effective method for the removal of hardness 
from water. This scheme utilizes a reversible metathetical reaction 
between calcium and magnesium salts and substances called zeolites. 
These materials are natural or artificial sodium aluminum silicates 
(for example, Na 2 Al 2 Si 208 ) which may be considered as complex salts 
of orthosilicic acid (H 4 Si 04 ). When hard water is allowed to flow 
through a bed of a granular zeolite (Fig. 141), reac tions of the type 
illustrated by the following equations result: 

Ca++CI^ -i- NaaAbSi^O s 2Na+Cl- + CaAIgShO g 
Mg"^‘*"SO“ 4" Na2Al2Si208 Na^SO^ 4~ MgAl2Si208 
Ca++(HC 03 )r 4“ NaaAIgSi^O s 2Na+HCOr T CaAI^ShO g 

Thus, both temporary and permanent hardness are removed almost 
completely by an exchange of sodium ions for calcium and magnesium 
ions. When the sodium in the original zeolite has all been replaced by 
calcium or magnesium, the sodium zeolite is regenerated by allowing 
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a concentrated salt solution to flow through the bed. This treatment, 
in accordance with the law of mass action, reverses the above reactions 
and the zeolite bed is restored to its original condition and, by periodic 
regeneration of this sort, the zeolite may be used repeatedly over long 
periods of time. The future will undoubtedly see a much more wide- 
spread use of the zeolite process or processes depending upon the use of 



Fig. 141. — The zeolite process for the removal of liardness from water. 

other synthetic materials which behave in a manner similar to that of 
the zeolites. Still other synthetic materials are now available which 
permit the removal of anionic constituents. 

NITRATES 

Reference has already been made to the use of nitrates as raw 
materials for the production of nitric acid (Sec. 31.3). On a quantity 
basis, however, this application accounts for only a relatively small 
proportion of the annual consumption of these salts by the chemical 
industries. 

32.6* Production and Uses of Nitrates 

The chief source of naturally occurring nitrates is a rather sharply 
limited area along the arid coastal range of Chile. The ore in these 
deposits is known as caliche and consists principally of sodium nitrate, 
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which is commonly known as Chile saltpeter. The deposits range in 
depth from 5 to 15 ft. and are up to 200 miles in length. Sodium 
nitrate is removed from the crude ore (about 60 per cent of NaNOs) by 
leaching with water, after which the resulting solutions are evaporated. 
The annual production of Chile saltpeter amounts to more than 3 
million tons. 

Since practically all nitrates are soluble in water, one would not 
expect to find extensive deposits of these salts in nature excepting in 
arid or semiarid regions. In addition to the nitrate deposits in Chile, 
limited quantities of potassium nitrate occur in the Orient. Most of 
the potassium nitrate used at the present time is made by the meta- 
thetical reaction between sodium nitrate and potassium chloride, 

Na+NOr + K^CI- -> K+NOr + N a^CI~ 

a reaction that may be caused to proceed to completion by taking 
advantage of the fact that sodium chloride is much less soluble in water 
than potassium nitrate (see Fig. 43). The bulk of the available supply 
of nitrates, however, is produced directly or indirectly from nitric acid. 

Nitrate Fertilizers. Of the numerous elements that must be 
present to support the growth of plants in the soil, nitrogen, phos- 
phorus, and potassium are those most commonly added to the soil 
in the form of commercial fertilizers. Nitrates are often used as a 
source of nitrogen, and the nitrates most used in fertilizer mixtures are 
those of sodium, calcium, and potassium. The latter has the obvious 
advantage of supplying both nitrogen and potassium and hence an 
unusually high fertilization value on a comparative weight basis. 

The use of nitrates in the maintenance of soil fertility is a part of 
the general problem of nitrogen fixation (Sec. 28.5). Accordingly, any 
process that accomplishes the conversion of atmospheric nitrogen to 
ammonia or nitric acid is a potential source of nitrates for use as 
fertilizers. It is evident that nitrates (either natural or synthetic) for 
use as fertilizers need not be of a high degree of purity. 

Nitrate Explosives. The term explosion is applied to the effect 
produced by a sudden change in the pressure of one or more gases. 
This may be the result of either chemical or physical changes; i.e., 
the sudden liberation or absorption of gases in chemical reactions or 
the sudden formation of gases from either liquids or solids. Because 
certain nitrates decompose readily with liberation of gaseous products, 
these substances are usefid in the compounding of a variety of com- 
mercial explosives. 

Ammonium nitrate is stable under ordinary atmospheric conditions 
and may be handled safely in small quantities, even at elevated tern- 
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peratures. When the dry salt is heated, it decomposes with liberation 
of nitrous oxide and water, 

NH4NO3 — > N2O + 2H2O 

and this reaction provides probably the most convenient laboratory 
method for the preparation of nitrous oxide. If solid ammonium 
nitrate is detonated, the decomposition occurs willi explosive violence. 
A number of high explosives consist of mixtures containing ammonium 
nitrate, e,g,, ammonal, amatol, etc. 

Potassium nitrate (together with sulfur and charcoal) is used in the 
manufacture of gunpowder (“black powder”). When sucha mixture 
is ignited by means of a spark, both gaseous and solid decomposition 
products are produced in the resulting explosive reaction which is 
quite complex. Black powder is used in the manufacture of ammuni- 
tion for small firearms, in the production of time fuses, and as a blasting 
powder in mining operations. 

PHOSPHATES 

Since there are three common acids of phosphorus (Sec. 31.5), the 
normal and acid salts of which are phosphates, it follows that this is 
indeed a large group of salts. This fact becomes all the more evident 
if the salts of the less common acids of pentavalent phosphorus are 
included. Of this large number of salts, however, only a few may be 
classed as important commercial chemicals. 

32.7. Orthophosphates 

Aside from their use as reagents in the chemical laboratory, most 
of the possible metal salts of orthophosphoric acid have not found 
extensive application in the chemical industries. There are, however, 
a few notable exceptions. The normal phosphates of the alkali metals 
are readily soluble in water and are used to a considerable extent as 
cleansing agents and as water softeners. 

Primary calcium phosphate [Ca(H 2 P 04 ) 2 ] is used in the manufac- 
ture of certain baking powders. In the presence of moisture, the acid 
phosphate reacts with sodium hydrogen carbonate (another constituent 
of such powders) to produce gaseous carbon dioxide which causes the 
dough to “rise.” 

Phosphate Fertilizers. From the extensive phosphate rock 
deposits in Tennessee, South Carolina, Florida, Idaho, and Montana, 
approximately 3 million tons of ore are used annually in the manufac- 
ture of fertilizers. The chief phosphate present in this rock is the 
normal calcium salt [Ca 3 (P 04 ) 2 ]. Because of its insolubility, this 
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( ompound is not very useful as a fertilizer. If a phosphorus compound 
is to provide phosphorus that can be assimilated by growing plants, 
the compound must be one that is appreciably soluble in the soil 
moisture. 

The utilization of tricalcium phosphate therefore requires its con- 
version into a soluble salt. This is accomplished by treating the nor- 
mal phosphate with dilute sulfuric acid (lead-chamber acid) and 
thereby producing the soluble primary calcium pliosphate. 

Ca3(PQ 4)2 + 2H+SO7 Ca++(H2P04)2' -f 2CaS04 

Tlie resulting mixture of calcium dihydrogen phosphate and calcium 
phosphate is sold as “superphospliate” fertilizer. It is of interest to 
note that the production of calcium sulfate is avoided by using phos- 
phoric acid rather than sulfuric. 

Ca3(PQ4 )2 + 4H3+POr -> 3Ca++(H2P04)2“ 

Although superphosphate fertilizer provides available phosphorus, 
it is advantageous at the same time to provide other needed elements 
such as nitrogen and potassium. Thus diammonium hydrogen phos- 
phate [(NH4)2HP04] provides both nitrogen and phosphorus, while 
potassium ammonium phosphate [K(Nn4)HP04] makes available the 
three elements most needed in the maintenance of soil fertility. Com- 
pounds of this type are coming into more general use, and this trend 
will undoubtedly continue. 

32.8. Metaphosphates 

The salts of metaphosphoric acid may be produced in a number of 
ways, but most conveniently by heating the appropriate dihydrogen 
orthophosphate, thus, 

NaH2P04-^TO5 -f- NaP03 

In the form of sodium hexametaphosphate [(NaP03)6], which is known 
by the trade name Calgon, this metaphosphate is used in water treat- 
ment (to prevent the precipitation of small quantities of calcium and 
magnesium salts not removed in the lime-soda process) and to dissolve 
scale that has formed in boilers, water pipes, etc. 

32.9. Pyrophosphates 

The pyrophosphates may be formed by heating the corresponding 
monohydrogen orthophosphates. 

2Na8HP04 HaO + NaiPjO? 



430 


GENERAL CHEMISTRY 


[Chap. XXXII 


Although there are no really large-scale uses for pyrophosphates, small 
quantities are employed (in solution) to dissolve boiler scale. 


SILICATES 

Because the class of salts known as silicates includes so many famil- 
iar naturally occurring materials, some attention is given here to the 
chemical character of these salts. Although the silicates are impor- 
tant raw materials for a number of industries, the commercial applica- 
tions of silicates are mentioned only briefly. 


32 . 10 . Salts of Silicic Acids 


The silicates may be looked upon as salts of a considerable variety 
of silicic acids, some of which aie far more complex than any acids 
studied thus far. The two simplest acids of silicon are orthosilicic and 
metasilicic acids. The relationship between these two acids and their 
anhydride may be sliown as follows: 


Si 


OH 

OH 


-HOH 


- OH 


0 = Si 


OH 

—HOH 

. O = Si = O 


OH 

Orthosilicic 

acid 


OH 
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Examples of common orthosilicates include zircon (ZrSi04), mica 
[KH2Al3(Si04)3], and kaolin [H2Al2(Si04)2 H 20 ]. The minerals beryl 
[Be3Al2(Si03)6] and asbestos [Mg3Ca(Si03)4] are examples of common 
metasilicates. 

More complex silicic acids, known only in the form of their salts, 
may be considered as derived from orthosilicic acid by processes of 
selective dehydration. Thus, one may represent the formation of 
series of disilicic acids, 

—HOH —HOH —HOH 

2H4Si04 ~ > H 6 Si 207 — — > H4Si206 — > H2Si206 

or trisilicic acids, 

—HOH —HOH —HOH 

3 H 4 Si 04 — ^ HioSiaOii "■■■ ■ — * ■> HgSiaOio — — — > HeSUOg, etc. 

Serpentine (Mg3Si207*2H20) is a disilicate and orthoclase (KAlSisOg) is a 
trisilicate. 

Water Glass. A familiar and useful silicate is that known as 
water glass. Although the commercial product consists of a rather 
complex mixture of silicates, water glass is commonly represented by 
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the formula for the normal sodium salt of metasilicic acid, £.e., Na2Si03. 
This material is produced by heating sand with sodium hydroxide 
under pressure, 

SiO* -f 2Na+OH~ — 2H*0 + NafSiOj* 

or by fusing sand with sodium carbonate, 

SiOa + Na^COj- Na^SiOr + CO 2 

Water glass is usually sold in the form of clear sirupy solutions and is 
used as an egg preservative, as a cement in the manufacture of card- 
board boxes, as a fireproofing agent, in the manufacture of soaps and 
cleaners, etc. 

Ceramic Industries. The chemical and physical properties of 
silicates are utilized to advantage in a group of industries which collec- 
tively may be termed the ceramic industries. These are concerned 
with the manufacture of products such as cement, glass, porcelain, 
bricks, tile, terra cotta, and enamels. All these industries utilize a 
wide variety of complex naturally occurring silicates. 

EXERCISES 

1. In what regions in the United States is sf)diurn chloride found in nature in 
the most important commerical quantities? 

2. What constituent causes table salt to become moist? By what chemical 
or physical means may this be prevented? 

3. List 10 important chemicals which are produced using common salt either 
directly or indirectly as a raw material. 

4. What are the chief impurities in crude sodium chloride? Suggest chemical 
reactions by means of which these ions might be removed without introducing 
other impurities that could not be removed readily. 

5. In general terms, what types of process are used in the commercial produc-. 
tion of sodium chloride? 

6. Distinguish between (a) hmestone, (6) calcite, and (c) dolomite. 

7. Describe briefly the process used in the commercial production of lime. 

8. What is the difference between quicklime and slaked lime? 

9. Write equations for the reactions involved in the Solvay process (including 
provision for the production of sodium carbonate and recovery of ammonia). 

10. Write equations for the reactions that occur in the formation of sodium 
carbonate by the LeBlanc process. Include an equation showing how this process 
could be used to produce sodium hydrogen carbonate. 

11. What constitutes temporary and permanent hardness in natural waters? 

12. By what methods may hardness be removed from natural waters? 

13. Why is it desirable to soften natural waters? 

14. Of the two compounds, (NH 4 ) 2 S 04 and NaNOa, which would be better for 
use as a fertilizer if no difference in cost is assumed? Why? 

15. Account for the fact that solutions of sodium phosphate are alkaline. Why 
should this behavior be expected? 

16. Why is normal calcium phosphate not suitable for use as a fertilizer? 
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17. Write equations shonring how the following compounds may be pro- 
duced: (a) primary calcium phosphate, (b) calcium metaphosphate, (c) strontium 
pyrophosphate. 

18. Assuming that the ore employed contains 60 per cent calcium phosphate, 
what weight of superphosphate fertilizer can be produced from 6 tons of the ore 

19. List one important use for each of the following substances: {a) KNO.;, 
(6) NaHCOa, (c) NaCl, (d) CaO, (e) Ca,(P 04 ) 2 , (/) CaCO.,, (g) NaNOa, {h) 
Ca(OH) 2 , (0 NaaCOa. 

20. In what states are the following substances produced in quantity from 
natural deposits: (a) limestone, (6) sodium carbonate, (c) calcium phosphate? 

21. In the processes studied in this chapter, cite cases in 
made for the recovery and use of by-products. 

22. In converting normal calcium phosphate to the soluble primary salt, why 
is sulfuric acid used rather than phosphoric acid ? 
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CHAPTER XXXIII 
ORGANIC CHEMISTRY 
1. HYDROCARBONS 

In an earlier discussion of the broad aspects of the science of 
chemistry, attention was called to the fact that it is sometimes con- 
venient to think of this vast body of knowledge in terms of rather 
arbitrary subdivisions (See. 1.1). The subject matter covered in the 
preceding chapters is concerned largely with limited aspects of inor- 
ganic chemistry together with many fundamental laws and principleii 
which are usually thought of as 
falling within the scope of physical 
chemistry. In order that the 
student may have at least a very 
brief introduction to the subject, 
this and the sm^ceeding three chap- 
ters will be devoted to the study 
of organic chemistry. 

33.1. Historical 

The term organic chemistry 
had its origin in the fact that early 
chemists were familiar with many 
compounds that were formed by or 
closely associated with living or- 
ganisms. It was felt that these 
materials could be produced only 
through the agency of vital pro- 
cesses ; hence the term. Tliis view- 
point prevailed until the year 1828 
when the German chemist, Wohler 
(Fig. 142) made a discovery which 
was destined to have a profound influence upon the development of 
chemistry in general and organic chemistry in particular. Wohler 
heated some ammonium cyanate (NH4CNO) and found that it was 
thereby converted into urea [CO(NH 2 ) 2 ] a substance previously known 
only as a product of living organisms. Thus, from a purely inorganic 
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Fig. 142. — Friedric}i Wohler (1800- 
1882). 
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compound, Wohler produced in the laboratory a typical organic com- 
pound and proved that vital processes are not a prerequisite to the for- 
mation of such substaiK'es. 

Wohler’s discovery encouraged chemists to attempt the production, 
in the laboratory, of many other compounds previously obtained only 
from matter of animal or vegetable origin. That these efforts have 
met with truly remarkable success is reflected in the rapid growth of 
this phase of chemistry during the past liundred years. Tlie chemist 
has not only succeeded in duplicating the substances arising from 
natural processes, but has produced many organic compounds which, 
so far as is known, are not formed by living organisms. 

No one can say with certainty how many organic compounds are 
known. Estimates usually vary between 350,000 and 500,000. More 
accurate estimates are not possible since new organic compounds are 
being produced in chemical laboratories every day. In any event, the 
above estimates are impressive when one considers that the total of 
known inorganic compounds probably does not exceed 50,000. 

It is also a striking fact that all organic compounds contain the ele- 
ment carbon. Consequently, .chemists have discarded entirely the 
view that organic chemistry is restricted to substances of natural 
origin and now define this phase of chemistry as the chemistry of the 
compounds of carbon. In this multitude of compounds, the element 
carbon is found in chemical combination with hydrogen, oxygen, sul- 
fur, nitrogen, phosphorus, and the halogens and, less frequently, with a 
few of the other elements. One is at once prompted to raise the ques- 
tion as to why one element (carbon) should participate in the formation 
of such a large number of compounds. In the following pages, atten- 
tion will be directed toward a number of factors that will answer this 
question, at least in part. 

33. 2. Modes of Union of Carbon Atoms 

The extensive development of organic chemistry has depended in 
great measure upon the chemist’s ability to determine and represent 
the structure or architecture of organic molecules. This accomplish- 
ment is the result of an understanding of certain properties possessed 
in some measure by all kinds of atoms and in a unique degree by carbon. 
It will be recalled that the atomic number of carbon is six, the atomic 
weight is twelve, and that the structure of the carbon atom may be 
represented as shown in Fig. 143. For present purposes it is conven- 
ient to consider the carbon atom to be a tetrahedron in which the 
nucleus and the 2 electrons of the first shell are located within the body 
of the tetrahedron and the 4 “valence electrons” are situated at the 
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four corners. Since carbon most commonly enters into chemical 
union by sharing electrons, it follows that each carbon atom may form 
four covalent bonds eacli of wliich involves one shared pair of electrons. 
For example, in the compound CH4, the carbon atom shares electroiLs 
with 4 hydrogen atoms. 

Single Bonds. The unique character of the carbon atom centers 
largely upon its ability to share electrons with other carbon atoms. 
Thus, one may visualize two carbon atoms united, as shown in Fig. 
114a. If, for convenience, a straight line drawn between the two sym- 
bols is used to represent the shared pair of elec- 
trons, the union of the 2 carbon atoms may be 
represented thus, 

•C- C* 

The line drawn between tlie two symbols is 
referred to as a bond and since only one pair of 
shared electrons is involved, this particular case 

X- j VI . X -j* , Xj^ 1 tt - 

is termed a single bond. In addition, each of gram representing the 
these carbon atoms possesses additional electrons strncUire of the car- 
(represented by dots) which may be shared with 
other atoms, including other carbon atoms. Suppose, for example,, 
that eadi of these 2 carbon atoms should unite with another carbon 
atom as shown below. 

•C- C- C- C- 

An extension of this process results in the formation of long chains of 
carbon atoms in which the carbon atoms are joined by single bonds. 

Double Bonds. If two tetrahedral carbon atoms are joined by 
bringing together two edges so that two corners of each of the tetra- 
hedra ar(^ in contact (Fig. 1446), the resulting union would involve a 
total of four shared electrons. This condition may be represented as 
follows : 

C = C 



and these carbon atoms are said to be joined by a double bond. Each 
carbon atom has two remaining electrons which may be used to 
establish additional bonds. Thus, each might be united with another 
carbon atom, 

•C-C«C-C- 
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and, as suggested above, this process might be continued indelinitely to 
form longer and longer chains of carbon atoms involving both single 
and double bonds. 

Triple Bonds. By bringing together one face of eacli of two 
tetrahedra, as shown in Fig. 144c, one may see how 2 carbon atoms may 
be joined by the sharing of electrons at each of three corners. In this 



case the carbon-to~carbon union involves three shared pairs of elec- 
trons and this condition may be represented by 

-CHC- 

Since each of these 2 carbon atoms has one remaining electron, it is 
possible to establish single bonds with other carbon atoms (or other 
kinds of atoms), 

•C-C2C-C. 

and here again the possible extension of the length of the carbon cliain 
is evident. It may also be seen that a variety of types of combination 
may be had depending on the number and position of double and/or 
triple bonds in the chain. 

The ability of carbon atoms to unite with other carbon atoms by 
forming single, double, or triple bonds accounts in considerable meas- 
ure for the large number of organic compounds. Other contributing 
factors will be noted in later sections of this chapter. 

33.3. Types of Formulas 

The simple formula and the true molecular formula for an organic 
compound may be established by essentially the same methods out- 
lined in connection with the earlier discussion of formulas of inorganic 
compounds (review Sec. 3.4). Thus, one may determine that the 
simplest formula for an organic compound is C2H4, and that the true 
formula is C6Hi2. Although this information would be useful, it 
would be inadequate in most such cases because several different 
organic compounds might have this same molecular formula. In 
dealing with organic compounds, one usually must know not only the 
number of each kind of atom in the molecule but also the manner in 
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which they are arranged with respect to each other. In other words, 
it is usually required to know both the composition and the structure 
of the molecule. 

In order to represent adequately the structure of organic molecules, 
use is made of structural formulas. Consider, for example, the molecu- 
lar formula C4H8- Since more than one compound has this particular 
formula, a more revealing structural formula must be used to designate 
the particular compound in question, thus, 

H H H H 

till 

H- C- C=C- C- H 

t I 

H H 

This formula not only shows clearly the arrangement of atoms in the 
molecule but also indicates the particular pair of carbon atoms joined 
by the double bond. Furthermore, since the bonds shown in the above 
formula represent shared pairs of electrons, it also may be seen from 
this formula that the valence of ea(‘Ji carbon atom is four. 

In order to save time, effort, and space, organic chemists have 
devised numerous ways of abbreviating these structural formulas. 
These dcvic'cs might be described as semistructural formulas, but they 
need not be illustrated here. Until the student has become more 
familiar with the subject, it is considered best to write the complete 
structural formulas. 

33 . 4 . Isomerism 

The existence of compounds (cither organic or inorganic) that have 
the same molecular formula but different structures is known as 
isomerism. Two or more compounds which meet this requirement are 
said to be isomers or to be isomeric. 

There are two structurally different compounds with the formula 
C4H 10. The structural differences are shown by the following formulas : 

H H H H H H H 

till III 

H-C-C-C-C-H and H-C-C-C-H 

I I I I III 

H H H H H 1 H 

H- C- H 

I 

H 

It may be seen that one of these structures involves a straight and the 
other a branched chain of carbon atoms. As is true of all isomeric com- 
pounds, these two isomers have different chemical and physical prop- 
erties, even though these differences may not be great. 
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There are several dififerent types of isomerism, and no effort will be 
made here to discuss this subject in detail. It is worth while, however, 
to point out that isomerism may arise in different ways. For example, 
two or more isomers may exist because of the position of a double or 
triple bond, as shown by the following formulas: 

HHHH HHHH 

H-C-C = C-C-H and H-C = C-C-C-H 

II II 

H H H H 

Tlie existence of isomeric compounds may be due to the position or 
mod(^ of linkage of an element other than carbon. Such a case is 
illustrated by the following formulas: 

H H H H 

II II 

H - C - C - O - H and H - C - O - C - H 

II II 

H H H H 

Numerous additional examples of isomerism will be encountered in 
the following discussions of different types of organic compounds. It 
will become increasingly evident that the phenomenon of isomerism 
contributes in considerable measure to the large number of known 
('ompounds of carbon. 

33.5. Comparison of Organic and Inorganic Compounds 

Before proceeding witli the study of specific classes of organic com- 
pounds, it seems worth while to gain a general idea as to the comx)ara- 
tive properties of organic and inorganic compounds. It should be 
clearly understood, however, that any attempts to generalize with 
respect to large numbers of chemical substances must involve many 
exceptions. 

The most striking differences between organic and inorganic com- 
pounds arise from tlie fact that, in general, organic substances are 
predominantly covalent while inorganic materials are more likely to 
be predominantly ionic. From experience in the laboratory, the stu- 
dent should recall that many reactions involving the ions of inorganic 
(compounds occur with extreme rapidity even at ordinary temperatures. 
On the other hand, the covalent organic substances react sluggishly at 
ordinary temperatures and in many cases only rather slowly at ele- 
vated temperatures. Although these behaviors are usually encoun- 
tered, it is not difficult to cite numerous cases in which inorganic 
substances react slowly and organic compounds react rapidly. 

In comparison with inorganic materials, the covalent character of 
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organic substances is reflected in their physical as well as their chemical 
properties. For example, most organic compounds are (a) nonelec- 
trolytes, (b) relatively volatile, and (c) likely to be insoluble in water. 
In a general sense, just the reverse is most likely true of inorganic com- 
pounds. Similar broad generalizations may be made with respect to 
certain other physical properties. 

In connection with the phenomenon of isomerism, it is of interest to 
observe that up to the present time a relatively small number of cases of 
isomerism has been encountered among simple inorganic compounds. 
For this reason it is all too commonly assumed that the subject of 
isomerism is of importance only in relation to organic chemistry. As 
a matter of fact, the prevalence of difTercnt types of isomerism among 
complex inorganic compounds makes the study of isomerism an impor- 
tant phase of the subject of inorganic chemistry. 

HYDROCARBONS 

The hydrides of the element carbon are commonly known as 
hydrocarbons. In its ability to combine with hydrogen to form a wide 
variety of stable hydrides, carbon is truly a unique element. Were 
this not the case, one might expect a reasonable degree of similarity 
with regard to hydride formation by elements of the main family of 
Group 1 V. Tlie unique character of carbon is amply illustrated by the 
fac’t that perhaps as many as 3000 hydrocarbons are known while the 
next element in the group (silicon) forms less than a dozen stable 
hydrides. Furthermore, the tendency toward hydride formation 
decrease's regularly from silicon to lead. Fortunatt‘ly, tin* hydrocar- 
bons may be classified according to series, the members of which have 
many properties in common. Some attention will be devoted next to 
a study of a few of these large classes of hydrides of carbon. 

33, 6. Paraffin Hydrocarbons 

The simplest hydride of carbon in which all four of the valence 
electrons of the carbon atom are utilized in the formation of covalent 
bonds with hydrogen is that having the molecular formula, CH 4 . 
This compound is known as methane, or sometimes as marsh gas sini'c 
it is a product of the decay of organic matter in marshes. Methane is 
also the chief constituent of natural gas (Sec. 35.1). Commonly asso- 
ciated with methane in nature are other hydrocarbons which arc 
chemically similar to methane and which together with methane are 
known as the methane series or paraffin series of hydrocarbons. The 
names, molecular formulas, and structural formulas of the first three 
members of this series are given in the accompanying table. 
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Name 

Methane 

Ethane 

Propane 

Molecular formula 

€114 

CJl. 

C,lh 

Structural formula 

H 

1 I 

11 TT 

It H H 

1 1 1 


IT G - 11 

1 

i 1 

11— C-^C-ll 

1 1 

1 1 1 

II— C C- C— H 

1 1 1 


1 

IT 

1 I 1 

II H 

1 

1 1 1 

H II H 

i 


An inspection of tliese structural formulas shows that these mole- 
cules are similar in that onl^ single bonds are present. Hence, if these 
molecules are to enter into chemical reactions without rupturing the 
bonds between carbon atoms, they can react only by substitution of 
other atoms for hydrog(m. Compounds of this type are said to be 
saturated, and this term is simply intended to imply that all the valence 
electrons are utilized in the formation of single bonds. In general, 
the chemical characteristics of this scries of liydrocarbons are in accord 
with the name of the series, ix,, paraffin hydrocarbons. The term 
paraffin is derived from the Latin, parvarn affimis which means “little 
affinity.” However, as will be shown later, this name should not be 
interpreted too literally. 

Homologous Series. From the formulas CIL, C>Hc, and Calls, it 
is evident that each succeeding member of this series differs from the 
preceding member by 1 carbon atom and 2 hydrogen atoms. 

H 

I 

- C- 

I 

H 

From this fact it follows that the molecular formula of the next mem- 
ber of the series (butane) should have the molecular formula C 4 H 10 ; 
the next (pentane), CeHis, etc. These related hydrocarbons are said 
to constitute a homologous series. The general formula for this par- 
ticular series is CnH 2 n 4 - 2 . 

In any homologous series, there is a more or less regular trend in 
physical properties in relation to molecular weight. Thus, in the 
methane series, the first four members are gases under ordinary 
atmospheric conditions, the next few members of the series are liquids, 
and those of still higher molecular weight are solids. As shown in 
Table 42, the boiling temperatures increase regularly with increase in 
molecular weight. It should be recognized, however, that the data 
in Table 42 refer only to the straight-chain compounds and do not 
include the boiling temperatures of isomers. It should also be noted 
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that all these hydrocarbons have names ending in -ane and that, 
beginning with the fifth member of the series, the prefix indicates the 
number of carbon atoms in the molecule. 

Isomeric Saturated Hydrocarbons. Inspection of the struc- 
tural formulas for methane, ethane, and propane shows that these 
formulas may not be rearranged in any manner that would lead to 
fundamentally different structures. From this it would be concluded 
that there are no isomeric forms of these compounds, and none has 
ever been found in nature or produced in the laboratory. In the case 
of butane (C4H10), however, one may write two different structural 
formulas (Sec. 33.4): 


H 

H 

H 

H 


H 

H 

H 

c- 

c- 

c- 

• C- H 

and 

1 

■ 0 ■ 

1 

X 

C 

- C- 

H 

H 

H 

H 


H 

1 

H 






H 

-C- 

-H 







H 



It is significant that only these two isomers would be predicated on the 
basis of possible structural formulas and that two and only two iso- 
meric butanes are known. Since both of these compounds are butanefi, 
different names must be used for them. In every case, the straight- 
chain isomer is called the normal isomer and the name is usually written 
as /i-butaiie. The branched chain butane is known as isobutane. 

If one should continue to use structural formulas as a basis for the 

TABLE 42 

Boiling Temperatures of Some Saturated Hydrocarbons 


Formula 

Name 

Boiling temperature, 
°C. at 760 mm. 

CH 4 

Methane 

-164.0 


Ethane 

- 86.0 

C3H8 

Propane 

- ,38.5 

C,H,o 

Butane 

1.0 


Pentane 

37.0 

C.Hu 

Hexane 

69.5 

C,H„ 

Heptane 

98.4 

CgHis 

Octane 

125.5 

C9H20 

Nonane 

149.7 

C10H22 

Decane 

173.0 

CuH *4 

Undecane 

194.5 

C12H36 

Dodecane 

214.5 

C 18 H 28 

Tri decane 

234.0 
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TABLE 43 

The Number of Iromers of Certain 
Paraffin Hydrocarbons* 
Molecular Formula Number of Isomers 


CH. 

0 


0 

CaH, 

0 

C.H.o 

2 

C 5 H.. 

3 

CtH„ 

5 

CtHh 

9 

GgHig 

18 

C 9 H 20 

35 

C 10 H 22 

75 

CnHn 

159 

C 12 H 26 

355 

C 13 H 28 

802 

CuILo 

1858 

GigHas 

60,523 


* Henzk and Blaih, Journal of ihe American 
Chemical Society, 53, 3077 (1931). 


prediction of the number of 
isomers, it would be predicted 
that there should be three 
pentanes, five hexanes, and 
nine heptanes. With increase 
in the number of (carbon 
atoms, the possibilities foi- 
different structural arrange 
ments increase with great 
rapidity, as is shown in Tabl(‘ 
4.3. Although it is true that 
many of the isomers of hydro- 
carbons of higher molecular 
weight have never been pro- 
duced in the laboratory or 
found in nature, it is also true 
that no one has ever succeeded 
in producing more isomers 


than would be predicted from structural formulas. The extent to 


which isomerism contributes to the large number of known and pos- 


sible organic* compounds should be clearly evident from the data of 


Table 43. 


33.7. Cyclic Saturated Hydrocarbons 

In addition to saturated hydrex^arbons having structures that 
involve open chains (either Straight or branched) of carbon atoms, 
there is the added possibility of structures in which the carbon atoms 
are arranged in closed-chain or ring structures. Sucdi compounds are 
well known and are usually referred to as cyclic saturated hydrocar- 
bons. The names and formulas of the four most common compounds 
of this type are given in the accompanying tabulation. 


Name 

Cyclopropane 

Cyclo butane 

(>yclopentano 

Cyclohexane 

Molecular formula. . , . 

CaHe 

CJU 

i'Jlu 

CfiHi- 

Structural formula .... 

H H 

U 11 

H— i— i— H 

H— H 

11 11 

u n 

c c 

^ \ i 

H U 

H H 

\ c/' 

H H 

H 

H H 
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The general formula for this series is Cnllijn. These compounds are 
similar to those of the methane series in that they are saturated com- 
pounds and thus may react only by substitution unless the reactions 
are such that carbon-to-carbon linkages are broken. The cyclic com- 
pounds differ from those of the paraffin series in that their chemic^al 
beliaviors are not so closely related as one might expect of the members 
of a homologous series. Whereas n-butane and n-pentane are quit(^ 
similar in their chemical behavior, cyclobutane and cyclopentane 
exhibit marked differences in chemical properties. 

Although this series intrudes members beyond cyclohexane, rela- 
tive) y little is known about tlie cyclic saturated hydrocarbons involving 
rijigs of more than 6 carbon atoms. 

FroTii an inspection of tlie slnic^tural formulas of members of lliis 
series, it is evident that there can be only one cyclobutane, one cy(‘lo- 
pimlane, etc. 

33.8. Unsaturated Hydrocarbons 

('ompounds tliat contain atoms joined by double or triple bonds are 
said to be uusahirated. Although there are many hydrocarbons that 
fall in t liis category, only a few of them will be considered here. 

Because of t he presence of double or triple bonds (ne., unsaturation) 
the:sc compounds can react by direct union or addition. Thus, 
ethylene whi(‘li contains a double bond may unite directly with hydro- 
gen to form ethane, 

H H H H 

\ * I ? 

C = C 

^ \ II 

H H H H 

and acetylene which contains a triple bond may combine with hydrogen 
also to form ethane, 

H H 

I I 

H-C5C-H-1-2H2-^H-C-C-H 

H H 

This type of reaction serves to distinguish between saturated and 
unsaturated hydrocarbons since the latter react only by substitution. 
In general, although unsaturated hydrocarbons react preferentially 
by addition, under suitable conditions they may be caused to react 
by substitution and not by addition. 

Ethylene. This compound is the first member of a homologous 
series of the genered formula CnH 2 « and sometimes is called the ethylene 
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series. The various members of this series exhibit similar chemical 
properties although, as is usually the case, the first member of the 
series possesses some chemical properties not shared by other members 
of the series. 

Ethylene is one of a number of unsaturated hydrocarbons produced 
during the “cracking” of petroleum (Sec. 36.1). This compound may 
be produced readily in the laboratory by the catalytic dehydration of 
ethyl alcohol. 


H H 

\ ✓ 

CjHtO C = C + HsO 
H H 

Most of the reactions of ethylene and related hydrocarbons depend 
upon the presence of the double bond. By addition, these substances 
react with hydrogen, the halogens, ozone, hypochlorous acid, etc., to 
form products that are useful as such or in the production of still other 
organic substances. 

Ethylene is used, with oxygen, as an anesthetic. It is also used to 
promote the ripening of citrus fruits. No less important is the fact 
that ethylene serves as a raw material for the commercial or labora- 
tory-scale production of a wide variety of other organic compounds. 
Mustard gas is produced by the reaction between ethylene and sulfur 
monochloride. 

H H H H H H 

s ^ till 

2 C-C 4- S 2 CI 2 ->CI- C- C- S- C- C- Cl -h S° 

^ N till 

H H H H H H 

Acetylene. The first member of the homologous series of hydro- 
carbons containing one triple bond and having the general formula 
CnH 2 r -2 is acctylcnc (C 2 H 2 ). Despite the fact that the compounds of 
this series contain triple bonds, their addition reactions occur somewhat 
less readily than do those of the ethylene series. The chemical 
properties of the members of the acetylene series are generally similar 
and, since it is by far the most important compound of its series, 
acetylene is the only compound that will be considered here. 

Acetylene may be produced by the hydrolysis of calcium carbide 
(Sec. 29.7), by subjecting other hydrocarbons to the action of an elec- 
tric discharge, and by the catalytic decomposition of methane at ele- 
vated temperatures. 
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H 

I 

2H - C - H H - C 5 C - H + 3H, 

I 

H 

Aside from its addition reactions, acetylene is of interest chemically 
for the reason that it behaves as a weak acid, and it may be considered 
to ionize as follows: 

H2C2 ^ -f (HC 2 )-“ 

(Ca)- 

Accordingly, acetylene should be expected to react with strong bases to 
form either acid or normal salts, and both t ypes are well known. The 
acetylides of sodium and calcium are typical. 

C 

✓ 

NaC s CH Ca 

V 

C 

The fact that calcium carbide is completely hydrolyzed (Sec. 28.7) is 
wholly in harmony with facts presented previously (Sec. 19.2). 

Acetylene is used as a fuel in oxy acetylene torches and as a raw 
material for the production of certain varieties of synthetic rubber. 
Many useful organic compounds may be made from acetylene, acetic 
acid being one with which the student is already familiar. 

Benzene. Of a wide variety of cyclic unsaturated hydrocarbons 
containing six or less carbon atoms per molecule, only the compound 
known as benzene and having the molecular formula CeHe will be con- 
sidered here. The choice of benzene for the purposes of the present 
discussion centers largely about the fact that this compound is unusual 
among organic compounds in the extent to which it is looked upon as a 
“parent substance.” In other words, a large number of common and 
useful organic materials may be thought of as related to, or derived 
from, benzene. 

The question as to how best to represent the structure of the ben- 
zene molecule is one that has occupied the attention of many chemists. 
For most purposes, the structure of this compound may be represented 
in the manner first suggested by Kekule and shown in detail as follows : 

H 

I 

C 

H-C C-H 

If I 

H-C C-H 

% ♦ 

C 

I 

H 
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According to this structural formula, the benzene molecule is repre- 
sented as a hexagonal arrangement of 6 carbon atoms, each of which 
is joined to 1 hydrogen atom. In order to preserve the idea of the 
almost invariable tetravalence of the carbon atom and at the same 
time represent a structure that is in harmony with the chemical nature 
of benzene, it is necessary to show also in this structure a total of three 
double bonds. 

It is feasible here only to summarize briefly the chief chemical char- 
acteristics of benzene. This substance is much less reactive than 
would be expec'ted in view of the fact that the molecule contains three 
double bonds. Although benzene does participate in addition reac- 
tions, it does so much less readily than compounds such as ethylene. 
For example, benzene reacts with hydrogen to form cyclohexane. 


H H 
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C C- H 

» • -f 3H2 

H- C C- H 
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H C H 
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H 

✓ 

C 

N 

H 
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In general, benzene reacts more readily by substitution. In these reac- 
tions, other atoms or groups of atoms (radicals, or “groups”) are sub- 
stituted for the hydrogen atoms in the benzene molecule. The 
resulting compounds are often referred to as substitution products or 
derivatives of benzene. 

If the atom or group substituted for hydrogen may be represented 
by X and if only 1 hydrogen atom is displaced by X, it might appear 
that six isomers having the formula CeHsX might be anticipated. It 
is found, however, that only one such compound can be formed, 
e.g.j there is only one compound having the formula, CeHsBr. From 
this fact it follows that, so far as this particular substitution reaction 
is concerned, the same product is formed no matter which of the 6 
hydrogen atoms is replaced. If, on the other hand, two or more hydro- 
gen atoms are displaced, isomerism is possible and is realized. Thus, 
there are three isomeric compounds of the type C6H4VA2. If is a 
bromine atom, there are three dibromobenzenes (C6H4Br2) and the 
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three isomers may be designated by use of the prefixes oriho-, mefa-, 
and para-y as shown below: 

Br Br Br 
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C 
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H- C 

C- Br 
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II 
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II 
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C- H 
C’ H 
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I 

H 

ortho- D i br o n lobenzen e 


c c 

I I 

H Br 

/A^^’/a-Dib^onlobenzeIle />ara-Dibrojiiobenzene 


Tfie nature of X may be varied widely. In the next chapter, a 
number of the more common substitution products, or derivatives, of 
benzene will be studied and, in this connection, it will be evident that 
suitable clioice of the substituent atom or group (A) gives rise to an 
almost unlimited uumbca* of dilferent organic* compounds. 

Cyclic Unsalurated Hydrocarbons of Higher Molecular 
Weight. Only for the purpose of calling attention to organic com- 
pounds having structures involving more than one ring of (*arbou 
atoms, there are given below structural formulas for napthaleno 
((noHg) and anthracene (CmHio): 

H H H H H 

II III 

c c c c c 
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Naphthalene 
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I I 

H H 

Anthracene 


Like benzene, these compounds react more readily by substitution than 
by addition. It requires no great measure of imagination for the stu- 
dent to realize that a very large number of derivatives of these com- 
pounds are possible. With the added fact that there are many other 
similar but still more complicated organic compounds, the student 
should begin to gain some appreciation of the complexities of struc- 
tural organic chemistry. As far as the following discussions are 
concerned, these somewhat more complex organic compounds will be 
considered only to the extent that they must be mentioned in con- 
nection with their occurrence in nature or with their relation to com- 
mon and useful materials produced in the laboratory. 
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33.9. Hydrocarbon Radicals 

Before proceeding with the study of some additional types of 
organic compounds, it will be helpful to recognize that, just as certain 
groups of atoms in inorganic compounds may be termed radicals, a 
similar designation may be useful in the study of organic chemistry. 
It should be kept in mind, however, that, because of the predomi- 
nantly covalent character of organic compounds, organic radicals are 
less likely to enjoy a relatively independent existence than is the case 
among ionic inorganic compounds. 

If a compound is formed by substitution of some other atom for 
one of the hydrogen atoms of methane, only a part of the molecule is 
involved in the change, 

H H 

H-C-H H-C- 

t I 

H H 

and that which remains of the original molecule of methane may be 
called a radical since it went through the indicated reaction apparently 
unchanged. In organic chemistry, it is more common practicjc to 
refer to these radicals as groups. Thus, the radical derived from 
methane is called a methyl group. Similarly, the radical formed by 
removing 1 hydrogen atom from ethane is called an ethyl group, etc. 
The name of the radical is formed from the name of the parent hydro- 
carbon by substituting -yl for -ane. In the case of the cyclic hydro- 
carbon benzene, the corresponding radical is the phenyl group, CeHs”. 

Attention will be called to other organic radicals in following dis- 
cussions. No effort will be made here to consider radicals formed by 
removal of more than 1 hydrogen atom, unsaturated radicals of the 
ethylene or acetylene series, or the question of nomenclature of radicals 
related to the various isomeric forms of saturated hydrocarbons. 

EXERCISES 

1. Particularly in relation to fundamental laws and theories studied earlier, 
list several important similarities between organic and inorganic compounds. 

2. What are the chief differences between inorganic and organic compounds? 

3. Give several examples of inorganic compounds which are predominantly 
covalent. 

4. Define the following terms (a) organic chemistry, (6) isomerism, (c) double 
bond, (d) structural formula, (e) hydrocarbon, (/) unsaturated compound, (g) 
homologous series, {h) hydrocwbon radical or group. 

5. Suggest a chemical method whereby one might distinguish between ethane 
and ethylene. 

6. Write structural formulas for all of the isomers of n-pentane and n-hexane. 




ORGANIC CHEMISTRY 


449 


7. If most organic compounds are covalent, should they be expected to behave 
as electrolytes or nonelectrolytes? Why? 

8. What one property of the element carbon is largely responsible for its 
ability to form so many different compounds? 

9. Write structural formulas for (a) n-butane, (b) benzene, (c) acetylene, (d) 
carbonic acid. 

10. In a structural formula, what is the significance of a straight line drawn 
between two symbols? 

11. In the acetylene series, what would be the molecular formula of the hydro- 
carbon containing 18 carbon atoms? 

12. By means of equations employing structural formulas, show how acetylene 
may be successively converted to ethylene and ethane. 
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CHAPTER XXXIV 
ORGANIC CHEMISTRY 
II. DERIVATIVES OF THE HYDROCARBONS 

In order to render somewhat less arduous the task of correlating a 
considerable number of different types of organic compounds, it is 
helpful to look upon these types as being related to the saturated or 
unsaturated hydrocarbons. These relationships may be either dinn l 
or indirect and need not be practical from the standpoint of actual 
chemical transformations suitable for use in the laboratory. Suppovsc*, 
for example, that a compound B may be produced from a hydrocarbon 
i4, and that B in turn may be converted to another compound C. 

A-^B-^C 

Although it may not be possible to produce C directly from the hydro- 
carbon it may be convenient to consider C as having been derived 
from A. Such genetic relationships are particularly useful for pur- 
poses of classification. 

When it is desired to produce some specific organic compound, it is 
not uncommonly necessary to start with whatever materials may be 
available and successively produce several intermediate compounds. 
By this rather indirect approach, there may be formed a substance 
from which the desired compound may be produced. Frequently, the 
starting material may be a hydrocarbon or a simple derivative of a 
hydrocarbon. In the following discussion of a few dilferent classes of 
organic compounds, an effort will be made to show the manner in which 
the various compounds are related to relatively simple hydrocarbons. 

34.1. Organic Halogen Compounds 

Halogen compounds may be produced directly from either saturated 
or unsaturated hydrocarbons. Thus, ethyl chloride which is used as a 
local anesthetic may be produced from ethane by a substitution reac- 
tion or from ethylene by addition. 

450 
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H H H H 

II II 

H - C - C - H -h CI 2 H - C - C - Cl + HCI 

II II 

H H H H 


Ethyl chloride 

H H H H 

\ ^ II 

C « C + HCI H - C - C - Cl 

^ II 

H H H H 


Kthylene dibroniide (which is used in conjunction with lead tetraethyl 
in the production of gasoline having a high antiknock rating) may be 
formed most conveniently by the addition of bromine to ethylene. 

H H H H 

N II 

C = C -hBr 2 ->H“C-C-H 

II 

H H Br Br 


The formation of organic halogen (X)mpounds is by no means 
restricted to the replacement of only I or 2 atoms of hydrogen. By 
exercising suitable control over the conditions under which the reac- 
tions occur, it is possible to produce several different halogen com- 
pounds from a single simple hydrocarbon. Thus, from the reaction 
between methane and chlorine, four different chlorine derivatives of 
uiethane may be produced. 

H H 

I I 

H - C - H 4- Ch — H - C - Cl 4 - HCI 

I I 

H H 

Methyl 

chloride 

H H 

H- C - Cl +Ch~>H - C- Cl 4 - HCI 

I I 

H Cl 
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dichloride 

H H 

I I 

H - C - Cl 4- Ch — Cl - C - Cl 4- HCI 

Cl Cl 
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H Cl 
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Cl - C - Cl 4 - CI 2 Cl - C - Cl + HCI 

Cl Cl 
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tetrachloride 
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Mixed halogen derivatives are also possible, and some of them are 
common and useful substances. For example, dichlorodifluoromcthane 
(CCI2F2) is known commercially as Freon and in recent years has come 
to be widely used as a refrigerant in place of ammonia or sulfur 
dioxide. 

Halogen compounds may be formed readily from hydrocarbons 
such as benzene by substitution. The introduction of 1 atom of 
chlorine produces chlorobenzene, 


H 

C 

H- C C- H 
H- C C- H 
C 
H 


Cl 

I 

c 

H“ C C- H 

Ci^ — ^ *' * “1“ HCI 

H- C C- H 


C 

I 

H 

Chlorobenzene 
(or phenyl chloride) 


while the introduction of a second atom of chlorine produces the three 
isomeric {ortho-y me/a-, and para-) dichlorobenzenes. Paradichloro- 
benzene is commonly used as an insecticide, particularly to combat 
moths. The formation of this compound from chlorobenzene is shown 
by the following equation: 


Cl 

I 

c 




Cl 

c 




H- C 
11 

H- C 


C 

I 
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C- H H- C C- H 

« 4- CI 2 — » ' + HCI 

C- H H- C C- H 

C 

I 

Cl 

para-Dichlorobenzene 


All the foregoing examples of organic halogen compounds illustrate 
their relationship to the corresponding hydrocarbons. These exam- 
ples have been restricted to more or less direct formation from hydro- 
carbons or their simple derivatives. There are many less direct means 
whereby organic halogen compounds may be produced, but these 
methods need not be considered here. 


34.2. Alcohols and Phenols 

Organic compounds known as alcohols and phenols are characterized 
by the fact that these compounds have structures involving one or 
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more — OH groups attached to carbon. Thus the characteristic 
structural group is 

- C- OH 

I 

The structural formulas of the two simplest alcohols are given below 

H H H 

H-C-OH H-C-C-OH 

I I I 

H H H 

Methyl alcohol Ethyl alcohol 
(wood alcohol) (grain alcohol) 

From the above formulas it may be seen that these alcohols are related 
to the hydrocarbons methane and ethane, respectively, in the sense 
that in each case an — OH group has been substituted for a hydrogen 
atom of the parent hydrocarbon. 

It is sometimes both instructive and useful to look upon the alcohols 
and phenols as being structurally related to water (HOH). Each of 
the above alcohols, for example, may be thought of as a compound in 
which a hydrocarbon radical is substituted for one of the hydrogen 
atoms of a water molecule. 

Methyl Alcohol. Methyl alcohol, which is alsoknown as methanol, 
is one of several organic materials produced by the dry distillation of 
hardwoods (Sec. 35.4), hence the common name wood alcohol. Most 
of the methanol produced commercially at the present time is formed 
by a catalyzed reaction between carbon monoxide and hydrogen (Sec. 
36.3). 

H 

CO + H-C-OH 

H 

A more general method of preparation {i.e., one that may be used to 
produce, in the laboratory, a variety of simple alcohols) involves treat- 
ment of the appropriate organic halogen compound with a strong base 
such as sodium hydroxide. 

H 

Cl + IMaOH H - C - OH -h NaCI 

I 

H 

Methyl alcohol is a liquid under ordinary atmospheric conditions. 
In both the liquid and gaseous forms it is very poisonous, causing 


H 

H- C- 

I 

H 
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blindness, insanity, and death. This alcoliol is an excellent solvent for 
fats, oils, resins, and other organic substances. 

Ethyl Alcohol* The alcohol that is tlie active ingredient of 
alcoholic beverages is known as ethyl alcohol, ethanol, or by the common 
name grain alcohol. Aside from its common method of formation by 
alcoholic fermentation, ethyl ah'diol may be produced in a variety of 
ways. The general method cited above may be used by employing, 
for example, ethyl bromide. 

H H H H 

II II 

H- C- C- Br + IMaOH H- C- C- OH + IMaBr 

II II 

H H H H 

Another method involves the formation of ethyl hydrogen sulfate by 
the reaction between ethylene and sulfuric acid, 

H H H H 

N II 

C = C + HjS04 -► H - C - C - (HSOO 

^ X II 

H H H H 

Ethyl hydrogen sulfate 

followed by hydrolysis, * 

H H H H 

II II 

H - C - C - (HSO 4 ) 4- HOH -^H-C-C-OH-h H 2 SO 4 

II II 

H H H H 

Industrial alcohol is a product that contains 95 to 96 per cent of 
C 2 H 6 O, the remainder being water. It is this particular product that 
is usually known as grain alcohol. After suitable treatment to remove 
all but a few tenths of 1 per cent of water, the commercial product is 
known as absolute alcohol. In addition to its uses as products of the 
fermentation industries, most of the laboratory and industrial uses for 
this compound depend upon the fact that ethyl alcohol is an excellent 
solvent. Large quantities of ethanol are used in the production of 
lacquers, medicinals, explosives, synthetic rubber, dyes, and a wide 
variety of other organic substances. 

Isomeric Simple Alcohols. An inspection of the structural 
formulas for methyl and ethyl alcohols suggests that isomeric alcohols 
should not be expected and none are known. However, two structural 
formulas may be written for the simple alcohol which is structurally 
related to the saturated hydrocarbon propane, and two isomers are 
known. The structural formulas and names of these alcohols are 
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H H H 

H- C- C- C- OH 

I I I 

H H H 


n-Propyl alcohol 


H H H 

t I I 

H- C- C- C- H 
H OH H 


wo-Propyl alcohol 


Because n-propyl alcohol contains an — OH group attached to a carbon 
atom which is in turn bound to only one otlier carbon atom, this 
alcohol is classified as a primary alcohol. Since the carbon atom bear- 
ing the — OH group in iso-propyl alcohol is attached to two other 
carbon atoms, this alcohol is said to be a secondary alcohol. The impor- 
lance of this distinction will become evident in connection with later 
discussions of other types of organic compounds which may be pro- 
duced from primary and secondary alcohols. 

Other Alcohols. In addition to simple alcohols related to satu- 
rated hydrocarbons containing more than 3 carbon atoms, attention 
should be called to alcohols containing in their structures more than 
one — OH group. Two relatively simple and common alcohols in this 
category are ethylene glycol and glycerol (glycerine). Ethylene glycol 
is used chiefly in the manufacture of explosives and as an antifreeze 
liquid in automobile radiators.^ Glycerol is employed in the maiiu- 
facture of explosives, as a moistening agent in cigarettes, and in the 
production of resins and a wide variety of other organic products. 
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H 

H- C- OH 
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H- C- OH 
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H 

Ethylene glycol 


H - C- OH 

I 

H - C- OH 

I 

H- C- OH 

I 

H 

Glycerol 


From these formulas, it may be seen that ethylene glycol and glycerol 
are structurally related to ethane and propane, respectively. 

There are many known alcohols containing two or more — OH 
groups. Carbohydrates, such as the common sugars and stanches, 
may be classified as alcohols in the sense that these molecules contain 
several — OH groups. A few compounds of this type will be mentioned 
more specifically in a later chapter. 

Phenols. Compounds which are derived from benzene and which 
contain one or more — OH groups attached to the carbon atoms of the 
benzene ring are referred to broadly as phenols. Specifically, the name 
phenol is applied to the compound having the formula CeHsOH, which 

* Ethylene glycol for this use is sold under various trade names, e.g., Prestone. 
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is commonly known as carbolic acid. There are many ways in which 
phenols may be produced; phenol is produced as shown by the 
equation, 


Cl 
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H- C C- H 

•• • -f HOH 
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OH 
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H- C C- H 
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This reaction must be carried out at elevated temperatures in the 
presence of a catalyst. Other phenols may be produced in a similar 
manner or by less direct methods. 

In addition to its familiar use as a germicide, phenol is employed 
commercially in a number of different ways. Large quantities of this 
material are used in the manufacture of synthetic resins of the type 
exemplified by Bakelite. Phenol is particularly useful as a starting 
material for the production of other organic compounds which are 
useful as dyes, medicinals, explosives, etc. Thus phenol may be con- 
verted readily to picric acid, which is the chief constituent of the 
explosive known as lyddite. 

Acidic Properties of Alcohols and Phenols. On the basis of 
their structural relationship to water, it might be concluded that 
alcohols and phenols are analogous to inorganic bases such as sodium 
hydroxide. If the hydrocarbon group of the alcohol or phenol is 
represented by R, the structural comparison may be shown by the 
formulas, 

Na-O-H H-O-H R- O- H 

In view of this rather obvious relationship, it is somewhat surprising 
to learn that alcohols actually behave as very weak acids, while phenols 
have still more pronounced acidic properties. Phenol itself is an acid 
sufficiently strong to change the colors of certain indicators. Alcohols 
and phenols behave as bases only in the presence of stronger acids. 


34.3. Ethers 

Organic molecules that contain the structural arrangement 

f « 

-c-o-c- 

I « 

or© known as eOiers. The three remaining bonds of each of the two 
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carbon atoms may be attached to hydrogen atoms, other carbon atoms, 
etc. The structural formulas for some typical ethers are given below. 


H H 


H H 


H- C- C- O- C- C- H 

II II 

H H H H 

Diethyl ether 
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Methyl phenyl ether 
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Diphenyl ether 


From tliese formulas it may be seen that the two organic groups 
attached to oxygen may be the same or different. It is also evident 
tliat ethers are named in terms of the names of the corresponding 
organic radicals. From the standpoint of structural relationships, 
diethyl ether, for example, may be looked upon as a substitution prod- 
uct of water (i.c., an oxide) or as a compound formed by substitution 
of 1 oxygen atom for 2 hydrogen atoms, one from each of 2 molecules 
of ethane. 

The most common ether, and the one to which the general term 
ether is often specifically applied, is diethyl ether. This compound is 
readily prepared by the reaction between ethyl alcohol and concen- 
trated sulfuric acid. 
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Ethyl sulfuric acid 
H H H H 

II II 

H-C-C- 0 -C-C-H + H2SO4 
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H H H H 
Diethyl ether 


It is of interest to note that, in the presence of the relatively strong 
acid, sulfuric, the very weak acid, ethyl alcohol, behaves as a base. 




458 


GENERAL CHEMISTRY 


[Chap. XXXIV 


Diethyl eilier may be produced also by a reaction that serves as a 
general metliod for the preparation of a wide variety of etliers. 
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Diethyl ether is a colorless volatile liquid boiling at 35°C., i.e., 
just a little above ordinary room temperature. This is the ether so 
commonly used as a general anesthetic. Diethyl ether is also used 
extensively as a solvent for oils, fats, waxes, resins, and other organic 
material;-;. 

34.4. Aldf^hydes 

Tlie products formed by subjecting primary alcohols to the a(;lion of 
mild oxidizing agents are known as aldehydes. The structural unit 
that characterizes the aldehydes is 

H 

- c = o 

Thus, carbon is bound to oxygen by a double bond (which does not 
have the characteristics of a double bond between 2 carbon atoms), to 
hydrogen, and by the remaining bond to hydrogen or to anotlK'.r (Uirbon 
atom. The structural formulas for three common aldehydes are given 
below. 

H H 

I I 

H H H C=C H 

I II ✓VI 

H-C = 0 H-C-C«0 H-C C-C«0 

I ❖ -9- 

H C- C 

I I 

H H 

Formaldehyde Acetaldehyde Benzaldehyde 

Formaldehyde, acetaldehyde, and beiizaldehyde are structurally 
related to, and may be considered to be derivatives of, methane, ethane, 
and benzene, respectively. 

Formaldehyde is produced on a large scale by the oxidation of 
methyl alcohol with the oxygen of the atmosphere at high temperatures 
and in the presence of a copper catalyst. The formaldehyde of com- 
merce is most commonly sold as a 40 per cent aqueous solution, known 
as formalin. Some formaldehyde is produced in the form of a white 
solid which is known as paraformaldehyde and which may be repre- 
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senied by the formula (CH20)„. This is simply a convenient means of 
indicating tliat paraformaldehyde consists of an association of many 
molecules (where n is a large number) of formaldehyde and that the 
exact value of n is not kndwn or is variable. The chief use for form- 
aldehyde is in the production of resinous products of the type exempli- 
fied by Bakelite. This aldehyde is also used in the compounding of 
embalming fluids, in the manufacture of other organic chemicals, and 
as a germicide and disinfectant. The practice of producing gaseous 
formaldehyde by burning paraformaldehyde “candles” in closed 
rooms in dwellings and elsewhere is on the decline because the disin- 
fectant or germicidal properties of formaldehyde vapor are not so 
pronounced as formerly believed. 

BenzaldeJiyde (oil of bitter almonds) may be produced by the 
oxidation of the primary alcohol know n as benzyl alcohol which, in turn, 
is derived from methyl benzene or toluene. These relationships are 
sliown schematically below 
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Benzyl alcohol 
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Bt3nzaldchyde 


Much benzaldehyde is used in the manufacture of dyes. Relatively 
smaller quantities are employed in the production of perfumes and 
certain artificial flavors. 

Many common sugars contain aldehyde groups in addition to — OH 
groups (Sec. 34.2). 

34.5. Ketones 

The action of mild oxidizing agents upon secondary alcohols results 
in the formation of a class of compounds known as ketones. All 
ketones contain the characteristic carbonyl group. 


O 

II 

-c- 
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This may be seen by an inspection of the following structural formulas 
of three typical ketones: 


H O H 

I II I 

H- C- C- C- H 
H A 


Dimethyl ketone 
(acetone) 


H H 

HO C- C 

I II ❖ ❖ 

H-C-C-C C-H 
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Methyl phenyl ketone 
(acetophenone) 
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H H 

I I 

c- c 

c- H 

c = c 

I I 

H H 


Diphenyl ketone 
(l)enzophenone) 


It will be noted that the carbonyl group is similar to the aldehyde 
group and, from this fact, it might be inferred that aldehydes and 
ketones should exhibit similar chemical properties. Although this is 
true in considerable degree, a detailed study of these two types of com- 
pounds reveals a number of important differences. 

Acetone is the most important ketone and is the only substance of 
this type that will be considered here. In accordance with the method 
of formation suggested above, acetone may be prepared by the oxida- 
tion of the secondary alcohol, isopropyl alcohol. Together with cal- 
cium carbonate, acetone is formed by heating dry calcium acetate. 
In recent years, there have been devised several methods for the com- 
mercial production of acetone and, in general, these methods involve 
complex changes that are beyond the scope of the present discussion. 
Most of the important uses for acetone depend upon the fact that this 
liquid is an excellent solvent. As such, it is useful in the production of 
resins, plastics, lacquers, paint and varnish removers, etc. A number 
of important organic chemicals including chloroform are produced from 
acetone. 

Attention has already been called to the fact that the molecules of 
many carbohydrates contain both alcohol and aldehyde groups. 
These substances may also contain carbonyl groups; hence in some 
measure such carbohydrates are to be classed as ketones. It should 
become increasingly evident to the student that some of the more com- 
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plex organic molecules may contain the particular groups that are 
characteristic of different types of organic compounds. That such 
is the case is an important contributing factor in accounting for the 
large number of known and possible organic compounds. 


34.6. Organic Acids 

Just as primary alcohols are converted to aldehydes by the action 
of mild oxidizing agents, so the aldehydes are converted to organic acids 
when treated with somewhat stronger oxidizing agents. 

mild stronger 

oxidizing oxidizing 

Primary alcohol > aldehyde — — - — > organic acid 

If a primary alcohol is treated directly with a relatively strong oxidizing 
agent, the product obtained is the corresponding acid; however, the 
aldehyde is probably formed as an intermediate. 

The acids corresponding to formaldehyde, acetaldehyde, and benz- 
aldehyde may be represented by the structural formulas given below. 

0 

C- OH 

1 

C 

H- C C- H 

II I 

H- C C- H 

V ❖ 

C 

I 

H 

Benzoic acid 


O HO 

H-C-OH H-C-C-OH 

I 

H 


Formic acid Acetic acid 


The group of atoms characteristic of the organic acids is 

O 

- C- OH 


which is commonly known as the carboxyl group. 

Formic acid is the simplest possible organic acid and, since it con- 
tains only 1 carbon atom per molecule, is related to the saturated 
hydrocarbon, methane. Because this acid may be obtained from the 
bodies of red ants, it was given the name formic (from the Latin word 
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formica, meaning ant). There are many suitable laboratory methods 
for the production of formic acid or its salts, but these need not be 
considered here. In general, its properties are somewhat dilferenl 
from those of other more typical organic acids. 

Acetic acid is formed by the oxidation of acetaldehyde and is gcmeti- 
cally related to ethane. Heretofore the formula for acelit^ ac id has 
been written IIC2H3O2 in order to emphasize the fact that this acid 
molecule contains only one ionizable hydrogen. From the structural 
formula given above, it is evident that the hydrogen in question must 
be that which is present in the carboxyl group and which is at lached 
to oxygen rather than to carbon. The student is alrc^ady familiar vvitli 
the fact that acetic acid is a relatively weak ac^id. ('oiKamtrated 
acetic acid contains very little water and is known as glacial acetic^ 
acid. Among other commercial methods, the concentrated acid is 
obtained as one of several products formed by tlu^ dry distillation of 
wood (Sec. 35.4). Vinegar is essentially a dilute solution of acetic ac’id 
(4 to 5 per cent by volume) in water. Vinegars produced from fruit 
juices are known as cider vinegars and usually possess a characteristic 
aroma of the fruit from which the vinegars are produced. The 
so-called spirit vinegars are made from pure acetic acid (from natural 
or synthetic sources) and are usually colorless although a brownish- 
yellow color may be imparted by the addition of caramel. In addition 
to its use in the manufacture of vinegar, large quantities of acetic acid 
are used in the production of rayon, plastics, solvents, flavoring 
essences, etc. The quantities of acetic acid used as a laboratory 
reagent are by no means unimportant. 

Benzoic acid is a white crystalline solid which is only sparingly 
soluble in water. This acid is found in cranberries and numerous othm* 
naturally occurring materials. Benzoic acid is related to benzciie sinc(^ 
the molecule may be looked upon as one in which a carboxyl group 
has been substituted for one of the hydrogen atoms of tlie benzeru' 
molecule. The sodium salt of benzoic acid (sodium benzoate) is com- 
monly employed as a preservative for food and medicinal preparat ions. 
In addition to benzoic acid, there are many important and useful 
organic substances which are related to this acid in the sense that their 
molecules contain substituent groups in addition to the carboxyl group. 

example, salicylic acid consists of molecules in which a hydroxyl 
gr<i%) is substituted for the hydrogen atom on a carbon atom adjacent 
to that to which the carboxyl group is attached. The sodium salt of 
this acid has long been used as a medicinal in the treatment of arthritis. 
The structural formulas of the parent acid and the sodium salt are 
given below. 
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0 

II 

C- OH 

1 

c 

* ❖ 

H-C C-OH 

II I 

H-C C- H 


C 

I 

H 

Salicylic acid 


o 

II 

C- ONa 


C 

H-C C-OH 

II I 

H-C C- H 

N ^ 


c 

I 

H 

Sodium salicylate 


By comparison with inorganic acids, such as hydrochloric or sul- 
furic, the typical organic acids are to be classified as relatively weak 
acids. Although there are some notable exceptions, organic acids are 
generally very slightly ionized in their aqueous solutions. Thus it 
appears that the chemical bond between hydrogen and oxygen (in the 
carboxyl group) is predominantly covalent rather than ionic. In con- 
formity with the fact that organic acids exhibit only weakly acidic 
properties, the salts of these acids are usually extensively hydrolyzed. 


34c7. Esters 

The I'eaction that occurs when an alcohol and an acid are brought 
together under suitable conditions may be understood best by compari- 
son with a type of reaction with which the student is already familiar. 
Consider, for example, the reaction between hydrochloric acid and 
sodium hydroxide and that between acetic acid and ethyl alcohol. 

H^CI + Na+OH- -> H2O + Na+CI- 
Acid Base Water Salt 

HO HH HOHH 

I II II I II I I 

H-C-C-OH + H- C- C-OH — HjO-fH-C-C-O-C-C-H 

I II III 

H H H H H H 

Veid Alcohol Water Ester 

(ethyl acetate) 

From these equations the reaction between an organic acid and an alco- 
hol appears to be analogous to that between an acid and a base. It is 
seen also that organic esters are analogous to saJts as far as their appar- 
ent mode of formation is concerned. The ester represented above is 
known as ethyl dcetate, a name that appears to be wholly appropriate 
when one compares the structural formula of ethyl acetate with that 
of the salt, sodium acetate. 
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H O 

H- C- C- O- Na 

I 

H 

Ethyl acetate is an excellent solvent, and large quantities of this mate- 
rial are used in the production of lacquers, varnishes, and a wide variety 
of other useful products. 

In order to pursue still further the mode of formation of esters, con- 
sider the possibility of reaction between salicylic acid and acetic acid. 

0 

II 

C-OH , 

C 

H-C' ^C-fOH 
n I 

H-C C-H 

I 

H 

Of the three potentially acidic groups (set off by dotted lines), one must 
assume a basic role if the formation of an ester is to occur. Since the 
phenolic — OH group in the salicylic acid molecule is the most feebly 
acidic of the three and since the carboxyl group in the acetic acid mole- 
cule is the most strongly acidic group of the three, the formation of an 
ester must depend upon their interaction. The resultant ester, acetyl 
salicylic acid, is commonly known as aspirin, 

0 

C- OH 

C OH 

^4 It I 

H-C C-O-C-C-H 

II I I 

H-C C-H H 

C 

1 

H 

Acetyl salicylic acid 
(aspirin) 

Additional examples of esters common in everyday life might be 
cited. Perhaps it is sufficient here to call attention to the fact that 


H j'O 

I j II 

H-C + C-OH 

\ 

I 

H 
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esters are widely used in the compounding of artificial flavors, per- 
fumes, etc. A list of esters and the natural flavors that they simulate 
are given in Table 44. 


TABLE 44 

Esters Used as Artificial Flavors 
Name of Ester 

Isobutyl formate 

Isobutyl acetate 

Amyl acetate 

Isoamyl acetate 

Octyl acetate 

Methyl butyrate 

Butyl butyrate 

Amyl butyrate 

Isoamyl iso valerate 


Natural Flavor 
. Raspberry 
. Raspberry 
. Banana 
. Pear 
. Orange 
. Pineapple 
. Pineapple 
. Apricot 
. Apple 


Ethyl butyrate, ethyl nonylate, and amyl undecylate all simulate 
the odors of the rose and are employed in the preparation of perfumes, 
toilet waters, etc. Methyl salicylate (the methyl ester of salicylic 
acid) is the chief component of oil of wintergreen and is employed in 
the production of medicinals, perfumes, and flavors. Additional exam- 
ples of esters and their uses will be encountered in the following 
chapters. 


34.8. Genetic Relationships 

The manner in which much of the subject matter of organic chem- 
istry may be correlated in terms of types of compound has been 
emphasized repeatedly. Numerous attempts have also been made to 
demonstrate that it is profitable to look upon many of these types as 
derivatives of the hydrocarbons. Finally, it has been suggested that, 
in order to produce a given type of compound, it may be necessary to 
start with whatever material may be available and arrive at the 
desired product only after having produced one or more intermediate 
types. Given below is a schematic representation of some of these 
relationships. Structural formulas are given only for the types that it 
is desired to emphasize; the nature of other essential reactants is indi- 
cated above the arrows which indicate the sequence of chemical 
conversions. 

H H H H H H 

* » a halogen » * NaOH » • 

H- C - C- H - C- C- X ^ H - C - C - OH 

I I {Xi) * • * • 

H H H H H H 

Hydrocarbon Organic Alcohol 

halogen 

compound 
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oxidizing agent 


H H 

I I 

H-C-C =0 


oxidizing agent 


H O 

• •• alcohol 

H- C- C- OH ^ 


H 

Aldehyde 


H 


Acid 


H O 

I II 

H- C- C- O- 

I 

H 


H H 
C- C- H 

A A 

Ester 


In addition it should be recalled that, an alcohol having been produced, 
this product may be used in the preparation of an ether, or in tli(‘ 
preparation of a ketone in the case of a secondary alcohol. The h ydro- 
carbon ethane is used only as an example. 

34.9. Amines 

Before proc^eeding to the study of certain other aspects of the sub- 
ject of organic chemistry, it is necessary to consider still an additional 
class of compounds, viz. the amines. These subwStances are structurally 
related to ammonia in the same sense that alcoliols and ethers are 
related to water, i.e., the amines may be considered as being dei ived 
from ammonia by substitution of one or more hydrocarbon radicals for 
one or more of the hydrogen atoms of the ammonia molecule. The 
structural formulas given below are typical examples. 


H 

H H 

H H H 

H 

1 


1 / 

1 1 1 

H-C-H 

H- N 

H- C- N 

H-C-N-C-H 

H j H 

hi 

H H 

H H 

H- C- N- C- h 

Ammonia 

Methylamine 

Dimethylamine 

H H 

Trimethylamine 


In accordance with the number of radicals substituted for hydrogen, 
the amines are known as primary, secondary, and tertiary. Thus, 
methylamine is a primary amine, dimethylamine is a secondary, and 
trimethylamine a tertiary amine. The groupings of atoms Character- 


istic of these three types 

are given below. 

H 

H 

1 * 

1 . . -c- 

- C- N 

1 

0 

1 

z 

0 

1 

1 > 

1 1 -C-N-C 

H 

I 1 

Primary 

Secondary Tertiary 


Disregarding the attached carbon atoms, the group ( — NH2), (==“NH), 
and (=N) are known as the amino, imino, and nitrilo groups, respec- 
tively. 
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As will become evident from discussions which are to follow, aminevS 
occur ill abundance and great variety in nature. The production of 
many different individual amines in the laboratory may be a(‘(;om- 
plished by a variety of methods. 

The three methylamines mentioned above are illustrative only of 
the simplest amines. By suitable choice of the substituent groups, 
one may produce ethylamines, propylamines, butylamines, etc. One 
also may prepare simple (or complex) amines containing different 
substituent groups, e.g., ethyl methylarnine, dimethyl propylamine, 
etc. The simple amines are characterized by a fishlike odor. Among 
other relatively simple amines may be included compounds such as 
aniline and diphenylamirie, which are of great importance in the manu- 
facture of dyes, medicinals, etc. 


H H 


H H H H 

C = C 

H 

- 0 

II 

- 0 

I ■ 

• 0 
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• 0 
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C' c c- c 

H H 


H H H H 

Aniline 


Diphenylainine 


(pheAylaininfi) 

It is of interest to note that aniline, for example, may be looked 
upon as derived from either ammonia or benzmu^ If one were par- 
ticularly interested in the hydrocarbon part of the molecule, one would 
consider aniline as a compound in whicdi an amino group is substituted 
for one of the hydrogen atoms of the benzene molecule. These struc- 
tural relationships so often emphasized in the study of organic chem- 
istry are n)ore than mere formal relationships that are convenient for 
purposes of classification. The amines, for example, are related to 
ammonia both structurally and in terms of chemical properties. Thus, 
ammonia is a basic compound, and the amines also are basic in a 
degree that is related to the number and nature of* the substituent 
groups. Similarly, just as ammonia reacts with water and with the 
hydrogen halides, 

NH3 -I- (NHOOH 

NH3 -f- 

so the amines behave similarly as shown by the following equations in 
which hydrocarbon radicals are represented by R in order to emphasize 
generality. 

RaN + (NHR3)0H 

RjN • H -f HBr (NH8R2)Br 
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Further information concerning specific amines will be acquired 
through the study of the following chapters. 

EXERCISES 

1. Organic halogen compounds are usually considered as substitution pro- 
ducts of the corresponding hydiocarbons. Cite one type of reaction involving an 
organic halogen compound which suggests that these compounds might be looketJ 
upon as substitution products of, for example, hydrogen chloride. 

2. What grouping of atoms is characteristic of each of the following types of 
organic compounds: (a) ethers, (b) primary amines, (c) aldehydes, (d) secondary 
alcohols? 

3. Write complete structural formulas to illustrate (a) a ketone, (6) an ester, 
(c) a tertiary amine, (d) an organic acid. In each case, write the name of the 
compound used as the example. 

4. Point out one or more important differences between (a) absolute alcohol 
and grain alcohol, (b) a primary alcohol and a secondary alcohol, (c) an alcohol 
and a phenol. 

5. Justify the statement that glycerol is both a primary and a secondary alco- 
hol. 

6. Write structural formulas for (a) n-butyl phenyl ether, (b) propionalde- 
hyde, (c) me/a-dipropylbenzene, (d) ethyl isopropyl ketone, (e) methyl butyrate, 
(/) dimethyl i)ropyl amine. 

7. Listed below are the names of some common commercial products. Iden- 
tify each in terms of the specific organic compound (or compounds) involved: 

(а) formalin, (b) Preslone, (r) aspirin, (d) Freon, (e) Bakellte, (J) carbolic acid. 

8. What volume of chlorine gas (at 25°C. and 752 mm.) would be required to 
convert 38 g. of methane to chloroform if a 46 per cent yield is assumed? 

9. Cite one important use for each of the following compounds: (a) acetone, 

(б) ethylene dibromide, (c) phenol, (d) ethyl acetate, (e) caibon tetrachloride, 
(/) methyl alcohol, (g) formaldehyde, {h) aniline. 

10. What weight of by-product hydrogen chloride would be produced during 
the production of 1 lb. of p-dichlorobenzene from benzene if it is assumed that 
the ortho and para isomers are formed in the ratio of 1 to 4? 

11. Starting with the appropriate hydrocarbon in each case, write equations 
showing how one could produce each of the following compounds: (a) butyric acid, 
(6) propionaldehyde, (c) di-n-propyl ether. 

12. Justify the view that (a) the — OH group in certain organic molecules 
possesses amphoteric properties, (6) esters are analogous to salts, (c) ethers may be 
regarded as oxides. 
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CHAPTER XXXV 

ORGANIC CHEMISTRY 

IIL ORGANIC MATERIALS OF NATURAL ORIGIN 

In the two preceding chapters the student has been faced with a 
seemingly endless array of different types of organic compounds. As 
a matter of fact, the few types considered thus far represent only a mere 
beginning. 

It has been implied that there are many suitable methods whereby 
all these different compounds may be produced in the laboratory, and 
only casual reference has been made to their existence in nature. In 
the present chapter, attention will be directed toward a few of the more 
important natural sources of organic materials. 

35.1. Natural Gas 

The chief organic compound obtained from natural gas is the 
saturated hydrocarbon, methane. Small quantities of other volatile 
hydrocarbons {e.g., ethane and propane) and occasionally small quanti- 
ties of nitrogen, carbon dioxide, and helium are associated with the 
methane. Although the composition is quite variable, the average 
methane content is about 80 per cent by volume and may be as low as 
a few per cent or as high as 95 per cent. 

Although most of the natural gas produced is used as a fuel, it is of 
interest to note the manner in which appropriate chemical treatment of 
methane may lead to the production of other useful compounds. 
Thus, methane may be converted to methyl chloride from which 
methyl alcohol may be produced. The methyl alcohol in turn may be 
used in the production of formaldehyde, formic acid, esters, etc. In 
this, as in many other cases that will be discussed in the following pages, 
a natural supply of one or more raw materials makes possible the 
chemical production of many other useful forms of matter. 

35.2. Petroleum 

The drilling of the first oil well in Titusville, Pa., in 1859, marked 
the beginning of the modern petroleum industry which has developed 
into one of the most fruitful sources of organic chemicals. From wells 
which may vary in depth from a few feet to more than 2 miles, there is 
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obtained a dark-colored liquid known as crude petroleum or crude oil. 
This material has a characteristic odor, and its composition varies con- 
siderably in relation to the locality in which it is found. The annual 
production of crude petroleum amounts to approximately 2 billion 
barrels, considerably more than one-half of which is produced in the 
United States. Tiie most important domestic* pioduction areas are 
found in the state of Texas, which supplies about 10 per (xait of the 
crude petroleum produced annually in the United States. The (H)m- 
biiu^d production of Oklahoma and California is about e(]ual to t hat of 
Texas, while less important areas are found in Louisiajia, Kansas, New 
Mexico, .Pennsylvania, Michigan, Arkansas, and Wyoming. 

The products obtainable from crude petroleum are knowi^ com- 
monly by names such as gasoline, kerosene, lubricating oils, paraffin, 
vaseline, and asphalt. All these common products consist of very 
complex mixtures of hydro(*arb(.)ns. Jt is therefore nec^essary to (M>n- 
sider the means by whi(;h tluiy may be sc^parated from eac^h other and 
then to considc^r tlie problems involved in obtaining pure cliemicals 
from the various mixt arcs. 

Refining of Crude Petroleum. The hydrocarbons in petroleum 
range in compasition from butane (C4H10) to high-molecular-weight 
compounds containi»ig as many as 40 carbon atoms per molec'ule. 
When heat is supplied to sucJi a mixture, the more volatile compommts 
of low molecular w eight vaporize first. As the temperature of the mix- 
ture is progressively increased, the less volatile components are 
volatilized. Thus, by a process of fractional distillation crude petro- 
leum may be separated iiito a number of fractions each of which boils 
over a more or less definite range of temperatures and contains hydro- 
carbons falling within a fairly definite range of molecular weights. 
From these statements it should not be inferred that the fractions 
obtained represent sharp separations. With respect to the individual 
components, there is considerable overlapping, i.e., two fractions may 
contain varying percentages of the same constituent. 

In Table 45 are listed a number of fractions that may be obtained 
by the fractional distillation of petroleum, together with the tempera- 
ture ranges over which these fractions boil at atmospheric pressure, 
and an estimate of the range of molecular formulas of the hydrocarbons 
present in each fraction. It should be clearly understood that the 
fractions specified do not necessarily represent those separated in any 
particular refinery. 

Once the crude petroleum is separated into these gross fractions, 
each fraction may then be subjected to further refining. Ordinarily, 
the various fractions are treated with sulfuric acid primarily for the 
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purpose of removing objectionable unsaturated hydrocarbons. After 
separation of the acid, the petroleum products are w ashed with sodium 
hydroxide solution which neutralizes the last traces of acid and serves 
to remove certain alkali-soluble sulfur compounds. Tliereafter, th(^ 
various fractions are not infrequently subjected to redistillation cor<- 
ducted for tlie purpose of accomplishing further fractionation. 


TABLE 15 

Products of the Fractional Distillation of Crude Petroleum 


Coiiirnoii name 

Boiling 

range, 

°C. 

Constituent 

hydrocarbons 

(approximate) 

Casinghead gasoline 

35-70 

C 4 H 10 to Cellu 

Gasoline (light to medium) 

70-100 1 

CgHi 4 to C 7 H 1 C 

(Jasoline (medium to heavy) 

100-215 

CsHis to C 12 H 26 

Kerosene 

150-300 

C 91 T 20 to ClsH^g 

(jRS oil 

>300 

Cl2l'l25 to C 20 H 42 

Lubricating oils 

>300 

> C20H42 

Pelrolenm jelly 

>300 

>C2oH42 

Paraffin 

1 

>300 

>C 2 ()H 42 


There remains, of course, the question as to whether crude petro- 
leum or the various fractions obtained therefrom may serve as a source 
of pure hydrocarbons. Because the fractions listed in Table 15 are 
extremely complex mixtures of hydrocarbons with similar physical and 
chemical properties, the problem of resolving such mixtures into their 
component (compounds is difficult indeed. JNevertheless, much prog- 
ress in this direction has been made in recent years, largely as a result 
of improved methods of distillation. 

35.3. Coal 

In an earlier discussion it was pointed out that coke is produced by 
heating bituminous coal in the presence of a limited supply of oxygen. 
Since the metallurgical industries require large quantities of coke, the 
coal is commonly heated under conditions favorable to the production 
of the maximum quantity of coke from a given weight of coal. On 
the other hand, if one is interested primarily in the other products 
obtainable from coal, somewhat different conditions may be employed 
in order to produce relatively less coke and mor^ of the desired products. 

The products obtained from the dry distillation of coal fall into four 
groups: (a) coal gas, an important fuel consisting principally of 
hydrogen, methane, carbon monoxide, and nitrogen, (6) coke, (c) coal 
tar, (d) ammonia. The relative quantities of these various products 
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formed are dependent upon the grade of coal employed, the tempera- 
ture, the rate of application of heat, and other factors. As an approxi- 
mation, it may be stated that 1 ton of coal may be expected to yield 
10,000 cu. ft. of coal gas, 1500 lb. of coke, 150 lb. of coal tar, and about 
5 lb. of ammonia. Hereafter, emphasis will be placed upon the coal- 
tar fraction since it is from this material that many useful organic 
substances are obtained. 



Fici. 115. — A battery of modern by-product coke ovens located at the plant 
of the Lone Star Steel Company, Daingerfield, Tex. (Courtesy of Koppers Com- 
pany ^ Inc.) 

Chemicals from Coal Tar. By a process of fractional distilla- 
tion, crude coal tar may be separated into fractions designated as light, 
middle, and heavy oils. The light oil is composed of materials that 
boil at temperatures below 190°C, and consists largely of benzene 
together with smaller amounts of toluene and the xylenes. The mid- 
dle, oils boil between 190° and 230°C. and contain phenol (carbolic 
acid), cresols (the ortho, meta, and para methylphenols), naphthalene, 
and small amounts of numerous other substances. The quantity of 
phenol and cresols usually present amounts to about 2 per cent of the 
original coal tar. Because these products are weak acids, they may 
be extracted by treating the oil with dilute sodium hydroxide solution. 
The phenols and cresols react to form water-soluble sodium salts. 
After separation of the resulting water solution from the water-insolu- 
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ble (and alkali-insoluble) oils, the phenols and cresols are regenerated 
by acidification and separated by fractional distillation. 

The heavy oils are obtained at distillation temperatures above 
230°C. This fraction contains substituted phenols and cresols having 
molecular weights greater than those found in the middle oil fraction. 
Another important product obtained from the heavy oils is the hydro- 
carbon anthracene. 

It is an interesting fact that, until a few years ago, coal tar was 
considered an undesirable by-product and was almost entirely wasted. 
After it was learned that so many valuable organic compounds could 
be obtained from coal tar, the ovens used in the production of illumi- 
nating gas and coke were designed in a manner that permits the collec- 
tion and utilization of the coal-tar oils. Some idea of the magnitude 
of these industrial operations may be gained from Fig. 145 and from the 
fact that about half a billion gallons of coal tar are produced annually 
in the United States alone. Chemicals from coal tar serve as the raw 
materials for the production of an almost endless list of useful materials 
including explosives, medicinals, perfumes, dyes, and plastics. 

35.4. Wood 

As a source of organic compounds, wood is relatively less important 
t han either crude petroleum or coal. Furthermore, the use of wood as 
a source of organic chemicals such as acetic acid, methyl alcohol, and 
acetone is far less important than it was a few decades ago. The nature 
of the organic materials obtained by the dry distillation (sometimes 
called destructive distillation) of wood depends primarily upon the 
variety of wood employed. 

Resinous Wood. If the gum exuded by the pine tree when it is 
“bled” or “boxed” is distilled with steam, there is obtained a product 
known as turpentine, a complex mixture of oils. Wood turpentine is the 
name given to the product obtained by the steam distillation of 
resinous pine stumps left behind in lumbering operations. The princi- 
pal constituent of turpentine is a complex unsaturated hydrocarbon 
having a ring structure, the molecular formula CioHie, and the name 
pinene. Other related hydrocarbons are also present in crude turpen- 
tine but their separation is difficult. When crude turpentine is dis- 
tilled with steam, there remains a residue known as rosin or colophony. 
This material is not a true resin, but it is sometimes used as such in the 
manufacture of vfo'nishes. When rosin is subjected to further dfry dis- 
tillation, it yields a distil’ate known as rosin oil This material is used 
in the manufacture of laundry soaps, axle grease, and as an unsatisfac- 
tory substitute for linseed oil in paints. 
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Nonresinous Wood. The destructive distillation of nonresinous 
wood, such as that of the beech tree, yields the following products: (a) 
an aqueous distillate known as pyroligneous acid. This material con- 
tains about 1 per cent of methyl alcohol, 6 to 8 per cent of acetic acid, 
and small quantities of acetone. Thus, three important organic chemi- 
cals are made available. (6) A distillate known as wood tar. There is 
very little use for this material and it is used chiefly as a fuel, (c) A 



Fig. 146. — The destructive distillation of wood. Iron cars loaded with wood 
enter the retort chamber through a door at Aj heat is supplied by tbe fireboxes B 
and jB' for a period of about twenty-four hours, and the volatile products leave the 
chamber through pipes C and C', and enter the condensers. Pyroligneous acid 
is drained from the condensers, and the more volatile products are permitted to 
escape. The residual charcoed remaining in the iron cars is removed through a 
door, D. 

solid residue of wood charcoal. This is the chief product for which 
wood is destructively distilled, and the other materials are to be looked 
upon as by-products. The properties and uses of wood charcoal have 
been considered in an earlier discussion (Sec. 28.3). 

The destructive distillation of nonresinous wood^is carried out as 
shown in Fig. 146. The pyroligneous acid is separated from traces of 
wood tar, neutralized by treatment with lime, and fractionally distilled 
to separate the methyl alcohol. The remainder is evaporated to dry- 
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ness to obtain calcium acetate. From this product, pure acetic acid 
may be obtained by heating the salt with sulfuric acid. 

H O 

I II 

H- C- C 

\ 

' O HO 

H ' • » 

Ca + H2SO4 — CaS04 -f 2 H - C - C - OH 

* I 

O H 

H , 

H- C- C 

t U 

H O 


The acetic acid is distilled from the reaction mixture and the non- 
volatile calcium sulfate remains. If, on the other hand, the dry cal- 
cium acetate is heated to its decomposition temperature, acetone is 
produced. 


H O 

I 11 

H- C- C 


' O H O H 

Ca -» CaCOa + H - C - C - C - H 

* I I 

O H H 

H . 

I 

H- C- C 

I II 

H O 


Thus, in addition to the acetone produced dhectly, additional acetone 
may be formed from the acetic acid by the intermediate production of 
calcium acetate. 


35.5. Animal and Vegetable Fats and Oils 

Although somewhat limited with regard to the variety of organic 
materials involved, fats and oils of animal and vegetable origin are 
nevertheless important sources of organic compounds. Common 
examples of naturally occurring materials that fall within this category 
include lard, beef tallow, butter, olive oil, linseed oil, cottonseed oil, 
corn oil, castor oil, and tung oil. All the fats and oils of this type are 
glyceryl esters of typical organic acids. 

It will be recalled that glycerol is an alcohol containing three — OH 
groups. Each of these groups is capable of reacting with the carboxyl 
group of an organic acid to form a typical ester linkage (Sec. 34.7), 
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Since the organic acids obtainable from animal and vegetable fats diid 
oils are mostly ones of high molecular weight and therefore contain long 
chains of carbon atoms, it will be convenient in the present discussion 
to represent the hydrocarbon part of these acid molecules by the letter 
R, thus, 

O 

11 

R- C- OH 

If one wished to form a fat or oil in the laboratory, this could be 
accomplished by the reaction between 1 mole of glycerol and 3 moles 
of the appropriate organic acid. 

H O 

I II 

H H-C-O-C-R 

H-C-OH O O 

I II II 

H - C - OH + 3R - C - OH — 3 H 2 O + H- C- 0- C-B 

I I 

H-C-OH H-C-O-C-R 

I I II 

H HO 

Glycerol Organic acid Ester 

(fat or oil) 

The physical and chemical properties of the fat or oil depend primarily 
upon the nature of the organic acid employed. If the hydrocarbon 
part of the acid contains one or more double or triple bonds, the cor- 
responding oil will be a liquid under ordinary conditions of tempera- 
ture. If, on the other hand, the hydrocarbon radical of the parent 
acid is saturated, the glyceryl ester is usually a white solid. Informa- 
tion relating to the hydrocarbon portion of several organic acids to be 
obtained from fats or oils is given in Table 46. 

TABLE 46 

Organic Acids Related to Fats and Oils 
Name of acid I Ft | Nature of unsaturation 

Butyric. . . 

Laurie 

Palmitic . . . 

Stearic 

Oleic 

Linoleic. . . 
linolenic . . 

Tsolinolenic 


CsHr 

GUH23"' 

CnH,7“ 

CnHiT 

CirH37~ 

CnHiT 


None 

None 

None 

None 

One double bond 

Two double bonds 

Three double bonds 

One doiible bond and one triple bond 



Stc. 35.5] 


ORGANIC CHEMISTRY 


477 


Among the most common fats and oils are the glyceryl esters of 
palmitic, stearic, oleic, and linoleic acids. The names and melting 
temperatures of these esters are given in Table 47. 


TABLE 47 

Glyceryl Esters of Organic Acids 


Name of acid 

Name of ester j 

Melting 
temperature of 
ester, °C. 

Common 

Systematic 

Palmitic 

Palinitin 

Glyceryl palmitate 
Glyceryl stearate 
Glyceryl oleate 
Glyceryl linoleate 

1 

60 

Stearic 

Stearin 

71 

Oleic 

Olein 

17 

Linoleic 

Linolein 

0 

i 



As they are obtained from natural sources, fats and oils usually con- 
sist of rather complex mixtures of glyceryl esters. If one wishes to 
extract a pure ester from a naturally occurring fat or oil, it is necessary 
to subject it to a suitable refining process. The approximate composi- 
tion of a number of common fats and oils is given in Table 48. 


TABLE 48 

Approximate Composition of Some Common Fats and Oils 


Fat or oil 

C 

Stearin and 
palmitin 

omposition, ‘ 

Olein 

% 

[ Linolein 

Beef taUow 

70-75 

20-25 

0 

Butter* 

50-55 

40-45 

0 

Cottonseed oil 

20-25 

20-25 

45-50 

Olive oil 

20-25 

65-70 

5-10 

Linseed oilf 

7-10 

15-20 

30-35 


* Butter also contains glyceryl butyrate. 

t In addition, Unsood oil contains 40 to 45 pea- cent of other esters of glycerol. 


The many available fats and oils serve as sources of pure esters of 
glycerol. However, the chief uses for these fats and oils employ mix- 
tures which have been subjected to only limited refining. Fats and 
oils are used extensively as foods, in the manufacture of paints, and as 
the raw materials for the production of numerous other useful sub- 
stances, some of which will be discussed in the following paragraphs 
and in Chap. XXXVI. 

Hydrolysis of Fats and Oils. From the preceding discussion it 
should be evident that, in addition to serving as sources of glyceryl 
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esters, animal and vegetable fats and oils are potential sources of 
glycerol and many organic acids. The manner in which a glycerol 
ester may be caused to provide these products may be seen by consider- 
ing the nature of the reaction previously cited to illustrate the mode of 
formation of such esters. From the equation it is seen that the reac- 
tion is essentially one of neutralization. The reversal of this reaction, 
hydrolysis, should be expected to provide glycerol and an acid. 

Fresh fats and oils are nearly odorless and are neutral in reaction. 
However, if they are exposed to moisture and the action of aerobic 
bacteria, they are hydrolyzed and are thereupon said to have become 
rancid. The bacterial action usually involves a fermentation or putre- 
faction of the gelatinous or albuminous substances always found in fats 
and oils. The usual refining processes render the fats and oils less 
susceptible to hydrolysis by removing the albuminous constituents. 

The distinctly disagreeable odor and taste associated with rancid 
fats and oils are due to the presence of organic acids produ(;ed by 
hydrolysis. These undesirable properties become apparent even 
though hydrolysis may have proceeded to only a small extent,. Thus, 
butter becomes unpalatable when even very small quantities of butyric 
acid are produced by the hydrolysis of glyceryl butyrate. 

Manufacture of Soap. In general, the hydrolysis of glyc^eryl 
esters occurs only slowly. If, however, these esters are placed in con- 
tact with solutions containing high concentrations of hydroxyl ig>n, 
the cleavage of the esters occurs rapidly. These conditions may be 
realized by treating the esters with aqueous solutions of sodium or 
potassium hydroxides or carbonates at elevated temperatures. This 
process, which involves the hydrolysis of esters with the aid of alkali, 
is known as saponification, and the products are glycerol and the sodium 
or potassium salt of the organic acid.'^ The latter is known as soap. 

H O 

t II 

H-C-O-C-R H 



H-C-OH O 

H- C - OH + 3R - C - O - Na 

I 

H - C- OH 

I 

H 

Glycerol Soap 

(sodium salt of organic acid) 


Commercially, the reactions employed in the manufacture of soap 
are carried out in large steam-heated vats. Upon completion of the 
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saponification, the reaction mixture is a colloidal system in which the 
soap is the dispersed phase. The soap is coagulated (“salted out”) 
by the addition of an electrolyte, usually sodium chloride. The nature 
of the fat or oil used in the manufacture of soap varies with the type of 
soap desired. If a white hard soap is wanted, tlie best grades of tal- 
low, palm oil, cocoanut oil, or cottonseed oil must be used. The 
sodium salts of the organic acids derived from the above fats and oils 
are hard and firm, while the sodium salts of unsaturated acids are soft, 
like butter. Hard soaps are invariably made with sodium hydroxide 
or carbonate and with saturated fats and oils. Soft soaps are made 
from unsaturated oils and usually with potassium hydroxide or 
carbonate. 

35.6. Foods 

The organic constituents of the foods consumed by man and other 
forms of animal life are primarily of interest because of the fact that 
these materials sustain vital processes. In addition, these same 
organic forms of matter are important in the sense that they serve as 
sources of specific organic compounds and as the raw materials for 
numerous commercial organic processes. 

Not all the foods required for an adequate diet are organic. Numer- 
ous inorganic compounds (i.e., mineral matter) are essential even 
though the quantities required may be relatively small. These include 
compounds of calcium, iron, sodium, potassium, phosphorus, and 
iodine, as well as water and oxygen. 

The numerous and usually somewhat complex organic compounds 
that make up the bulk of animal foods may be classified into three 
broad groups, viz,, fats, carbohydrates, and proteins. Other essential 
organic substances include vitamins, enzymes, and hormones, but 
these are usually required in only very small amounts. As has already 
been pointed out, fats are glyceryl esters of organic acids, and these 
esters will not be discussed further as a specific type of compound. 

Carbohydrates. The term carbohydrates suggests hydrates of 
carbon, i,e,, C(H20)*, It is generally true that those compounds desig- 
nated as carbohydrates consist of carbon in combination with hydrogen 
and oxygen such that the latter elements are present in the same ratio 
as in water. Although this basis would include some relatively simple 
substances such as formaldehyde, the compounds usually thought of as 
carbohydrates are those containing five or more carbon atoms per 
molecule. The formulas of most carbohydrates conform to the gen- 
eral formula (C6Hio06)n(H20)TO, where the numerical value of n Is 
unity or greater and the numerical value of m may be zero, one, or a 
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number greater than one. Carbohydrates may be classified as mono-, 
di-, and polysaccharides, depending upon the numerical value of n in 
the general formula given above. A number of typical examples are 
listed in Table 49. 

TABLE 49 

Some Common Carbohydrates 


Name 

Formula 

Chemical 

Common 

Monosaccharides : 



Glucose 

Dextrose or grape sugar 

C«H,aO, 

Fructose 

Levulose or fruit sugar j 

C6H12O6 

Disaccharides: 



Sucrose 

Cane sugar or beet sugar 

C12II22O1 1 

Lactose 

Milk sugar 

C12I422O1 I 

Maltose 

Malt sugar 

C12II22OU 

Polysaccharides : 



Starch 

Corn starch or potato starch 

(C6Hio06)x 

Glycogen. 

Animal starch 

(CeHioOs)^ 

Cellulose. . 

Cellulose 

(CeHioOfi)* 


In earlier discussions, reference has been made to the fact that 
many carbohydrate molecules contain the structural groups that are 
characteristic of the alcohols, the aldehydes, and the ketones. This, 
together with the formulas listed in Table 49, suggests that carbo- 
hydrates must involve rather complex structures involving many pos- 
sibilities of isomerism. Formulas for the isomeric compounds glucose 
and fructose are given below. From these formulas it will be evident 
that both contain —OH groups; glucose is represented as an aldehyde 
and fructose as a ketone. 


H 

H 

C *0 

X 

1 

• 0 - 

1 

0 

X 

H« C- OH 

c»o 

HO - C - H 

HO- C- H 

X 

1 

- 0 • 

1 

0 

X 

H- C- OH 

H- C- OH 

H- C- OH 

H- C- OH 

H- C- OH 

H 

Glucose 

H 

Fructose 
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Of the disaccharides, sucrose or ordinary cane sugar is by far the 
most important. This carbohydrate is readily hydrolyzed under the 
catalytic influence of acids or enzymes to form the two monosaccha- 
rides, glucose and fructose. 

C 12 H 22 O 11 -f- HOH — ^C6 Hi 206 -j- CcHi 206 
Sucrose Glucose Fructose 

Although the structural formula of sucrose is not known with cer- 
tainty, the formula given below is consistent with the fact that sucrose 
yields glucose and fructose upon hydrolysis and with many other 
known properties of this substance. 

H 

I 

H-C-OH 


I 



H-C-OH H 

I 

H 

Sucrose 

The juices of sugar cane or sugar beets contain 15 to 18 per cent of 
sucrose. After the juice of sugar cane, for example, is expressed by 
passing the cane through rollers, the acids present in the juice are neu- 
tralized by the addition of lime. The calcium salts of these acids are 
insoluble and are filtered off with other impurities of a gummy nature. 
The excess lime is neutralized by addition of carbon dioxide, and the 
clear juice is then concentrated in evaporators at about 50°C. The 
resulting sugar is brown and sticky and must be purified by recrystaJli- 
zation. The crude sugar is dissolved in water, and the resulting solu- 
tion is filtered through boneblack (Sec. 28.3) or other decolorizing 
carbon beds or filters. Upon concentration of the filtrate, the sugar 
that crystallizes from the solution is white and very pure. 
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The polysaccharides are very complex chemical substances. These 
materials may also be hydrolyzed to form monosaccharides, but the 
rates of hydrolysis are usually lower than in the case pf disaccharides 
such as sucrose. Starch is produced chiefly from corn in the United 
States and from potatoes in European countries. There are available, 
however, numerous other sources of supply such as rice, wheat, and 
(cassava root (tapioca). Glycogen is colloidal in character and is found 
in muscular tissues and in the liver. The occurrence of glycogen in 
nature is not restricted to animals since some glycogen is found in 
plants such as yeast. Cellulose is a constituent of the cell walls of 
most plants. Cotton is one of the most familiar sources of relatively 
pure cellulose, and wood consists largely of cellulose together with a 
material known as lignin. In the manufacture of paper, the separation 
of the desired cellulose from the lignin is usually accomplished by a 
treatment with calcium hydrogen sulfite. The latter converts the 
lignin to soluble materials from which the cellulosic pulp may be 
separated by filtration. The chief uses for cellulose are in tlie textile 
industries and in the manufacture of paper. Esters of cellulose are of 
major importance in the production of lacquers, plastics, photographic 
films, etc. Cellulose ethers are used extensively as solvents. 

Proteins. The chemical substances known as proteins constitute 
an important class of organic nitrogen compounds found in essentially 
all types of plant and animal tissue. In addition to carbon, hydrogen, 
oxygen, and nitrogen, some proteins contain also the elements sulfur, 
iron, or phosphorus. Most proteins are extremely difficult to purify 
and may be obtained in a crystalline condition only with difficulty, if 
at all. That proteins are very complex chemical substances may be 
inferred from the fact that reasonable estimates of the molecular 
weights of different common proteins are within the range of 18,000 to 
300,000, 

Much of the presently available information concerning the chemi- 
cal character of proteins has been obtained through the study of decom- 
position products of these substances. One property common to all 
proteins — irrespective of their molecular size or structure — is the fact 
that they yield amino acids upon hydrolysis. These hydrolytic reac- 
tions are catalyzed by acids, bases, or enzymes. The structural unit 
which appears to be characteristic of all proteins is 

O H 

I II I I 

-C-C- N-C- 

I I 

The hydrolysis of any given protein usually results in the formation of 
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a considerable number of different amino acids. These are organic 
acids that contain an amino group attached to a carbon atom of the 
hydrocarbon radical attached to the carboxyl group. The simplest 
representative is aminoacetic acid or glycine. 

H HO 

N I II 

N- C- C- OH 

/ I 

H H 

Glycine 

Somewhat more complex amino acids are norleucine, which is found in 
the brain, and thyroxine^ wliich is a constituent of the thyroid gland. 

H H H H tl O 

I I I I I II 

H- C- C- C- C- C- C- OH 

I I I I t 

H H H H rj 


HO - C 


I H 

I I 

c- c 


♦ 


H H 
Norleuciii<‘ 

I H 

I t 

C- C 
❖ ❖ 


H H O 

f I It 


C-O-C C-C-C-C-OH 


N / 

c* c 

I I 

I H 


\ ^ 

c = c 

I I 

I H 

Thyroxine 


H N 
/ \ 

H H 


In protein molecules, different amino acids are joined together through 
the characteristic grouping given above and these linkages are rup- 
tured upon hydrolysis. Through the study of the hydrolysis of com- 
plex proteins, it has been possible to gain some information as to their 
chemical character. 

Among the proteins of vegetable origin are gliadiii, zein, edestin, 
glutenin, betaine, etc. Proteins of animal origin include egg albumen, 
casein, keratin, elastin, serum globulin, collagen, etc. Since a detailed 
knowledge of the structure of protein molecules is lacking, any attempt 
at classification is bound to be difficult and the results none too satis- 
factory. The usual classification is that given below. 

1. Simple Proteins. Among these are the water-soluble egg albu- 
men, the serum globulin of the blood, and edestin from hemp seed 
(these proteins are soluble in dilute solutions of sodium chloride), the 
acid- or alkali-soluble glutenin of wheat, the alcohol-soluble gliadin of 
wheat or zein of corn, and the insoluble keratin found in hair and horn. 
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2. Conjugated Proteins. The protein molecules of the members of 
this group are joined to other molecules, such as carbohydrates or 
phosphoric acid. Typical examples arc casein from milk and hemo- 
globin from blood. 

3. Derived Proteins. These are produced from more complex pro- 
teins through hydrolysis catalyzed by the enzyme pepsin. These 
hydrolysis products occupy a position intermediate between the usual 
proteins and the amino acids. Most of the derived proteins are soluble 
in water. 

Vitamins. In addition to the carbohydrates and proteins, an 
interesting group of naturally occurring organic compounds recognized 
as essential constituents of foods is known as the vitamins. Although 
these substances may be present only in relatively small amounts, it 
lias been amply demonstrated that they are essential to proper growth, 
good health, and in fact to the maintenance of life itself. In present- 
day society one could scarcely avoid being aware of the existence of 
thes(i organic compounds. As judged from the overemphasis encoun- 
tered in modern radio and newspjiper advertising, one is tempted to 
speculat e as to how the human race survived up to the time when daily 
dosages of vitamin pills bei^ame available. The answer is, of course, 
that nature has provided these materials and in most cases one secures 
adequate supplies by the simple process of consuming a well-balanced 
diet. However, there arc many cases in which diseases related to 
vitamin deficiencies may be alleviated by the consumption of quanti- 
ties of vitamins greater than would normally be made available through 
even an otherwise safe diet. 

Practically everyone is familiar with terms such as vitamin B and 
vitamin C. In certain cases these designations refer to specific chemi- 
cal compounds; in other cases {e.g., vitamins A, D, and E) groups of 
related compounds are involved. In Table 50 some information rela- 
tive to the natural origin and biological significance of the known 
vitamins is given. Further information concerning the chemical 
nature of these substances will be found in Chap. XXXVL 

Enzymes may be looked upon as specific catalysts for biochemical 
reactions. These substances are proteinlike and yet are not to be 
classed as typical proteins. Despite their complexity, many enzymes 
have been isolated in a pure crystalline condition, and much is known 
concerning their ability to alter the rates of certain reactions. The 
enzyme invertase is produced by yeast and is a catalyst for the hydroly- 
sis of certain di- and polysaccharides. By the action of the enzyme 
diastase, which is produced by sprouting barley, starch is hydrolyzed 
to monosaccharides and other hydrolysis products. The catalytic 
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TABLE 50 

The JCnown Vitamins 


Name 

Molecular formula 

Prominent occurrence 

Symptoms of 
deficiency 

Vitamin A. . . . 

Several related com- 
pounds exhibit vi- 
tamin A activity 

Fish-liver oils, ef^g 
yolk, butter fat, 
green and yellow 
vegetables 

Night blindness, tem- 
porary sterility in 
male rats, certain 
types of infection of 
epithelial tissue 

Vitamin li i 
(thiamin) 

C,olT, 8 Cl 20 N 4 S 

Milk, green vege- 
tables, rice polish- 
ings, yeast, fruits, 
peanuts 

Lack of appetite, re- 
tarded growth, beri- 
beri, polyneuritis, 
low gastric acidity, 
constipation 

Vitamin C 
(ascorbic 
acid) 

OoliaOti 

Citrus fruits, toma- 
toes, leafy green 
vegetables, potatoes 

Symptoms of scurvy, 
i.e.y hemoriiiages of 
skin and gums, pal- 
pitation of heart, 
dental caries, etc. 

Vitamin D. . . . 

More than one com- 
y)oun(i is known to 
possess vitamin D 
activity 

Milk, fish-liver ^>ils, 
egg yolks, cereals 
irradiated with ul- 
traviolet light 

The disease known 
as rickets 

Vitamin K. . . . 

Numerous com- 
pounds. a-Toco- 
pherol (C29H50O2) 
is the most potent 

Wheat-germ oil, cot- 
tonseed oil, green 
leafy vegetables 

Permanent sterility, 
muscular lesions 

Vitamin K . . . . 

Numerous related 

1 compounds 

i 

1 

Putrefied fish meal, 
hog-liver fat, alfalfa 

1 

1 

Nutritional signifi- 
(uiiice unknown. 
Useful in treatment 
of obstriictiv e jaun- 
dice, b(unorrhages, 
etc. 


Other vitamins known collectively as Vitamin B 

Riboflavin. . . . 

G17H20O3N4 

Beef liver (meats in 
general), eggs, milk 

Luck of growth in 
young; lesions of the 
lips, etc., in humans 

Nicotinic acid 

CJT5O2N 

Meats, whole wheat, 
rolled oats, green 
peas 

Symptoms character- 
istic of pellagra 

Pyridoxin (Be) 

CsHuOaN 

Widespread 

Dermatitis in rats 

Pantothenic 

add 

Biotin 

CsHi,O.N 

C10H16O8N2S 

MDk, eggs, beef liver, 
cereals, potatoes, 
etc. 

Widespread. Pro- 
duced by numercMis 
kinds of bacteria 

Dermatitis and fail- 
ure of growth in 
young animals; gray 
hair in animals 

Inositol 

p- Amino-ben- 
zoic acid 

Gi(iHi20d 

G7H7O2N 

Occurs generally in 
animal tissues 
Widespread 

Not well known 
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action of enzymes is of importance in alcoholic fermentation. Diastase 
is employed to convert starch and sugar into monosaccharides which 
in turn undergo alcoholic fermentation, 

CeHi 206 — ► C2H6O -f- CO2 
Monosac- Ethyl 
charide alcohol 

brought about by the enzyme known as zymase. 

Hormones are usually designated as organic substances that act as 
regulators of bodily functions either by catalysis or some other little- 
understood mechanisms. Although most of the known hormones are 
produced within the various glands of the body, some are of vegetable 
origin and are consumed as components of foods derived from plants. 
The hormone secretin regulates or stimulates the secretion of the paii- 
c reas and may influence also the secretion of bile by the liver. Many 
hormones are recognized, but further discussion of their chemical 
character or physiological significance is beyond the scope of the present 
discussion. 

The rather evidently heterogeneous character of the topics included 
in the preceding discussion is not inappropriate. The wide variety of 
the materials included serves to emphasize the fact that the natural 
stores of organic substances are widely distributed and diverse in their 
form of occurrence. By no means all the natural sources of organic 
compounds have been discussed. Rather an effort has been made only 
to include a few of the more familiar and important sources. 

EXERCISES 

1. Given a typical sample of natural gas, suggest methods that might be useful 
in separating such a mixture into its components. 

2. Why is it difficult to obtain pure hydrocarbons from crude petroleum ? 

3. What determines the order in which the hydrocarbons of petroleum 
volatilize during distillation? 

4. List the more important organic substances obtained by the destructive 
distillation of (a) wood, (6) coal. 

5. What determines whether a particular fat or oil will be a liquid or a solid 
under ordinary conditions of temperature? 

6. By what simple chemical reaction could one determine whether a particular 
fat or oil is saturated or unsaturated ? 

7. What chemical changes are involved in the development of rancidity in 
fats or oils? 

8. List the raw materials required for the manufacture of soft and hard soaps. 
What important by-product is formed in either cas©^ 

9. From the standpoint of the types qf; organic compounds concerned, what 
are the essential differences between the tl|ree major classes of food? 
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10. Identify each of the following terms: (a) saponification, (6) olein, (c)hoT-' 
uiones, (d) pyroligneous acid, (c) coal tar, (.f) enzyme, (ff) casinghead gasoline, 
(//) disaccharide, (i) amino acid, (J) conjugated protein. 

11. What possible reaction is suggested by the fact that the molecules of amino 
acids contain both the basic amino group and the acidic carboxyl group? 

12. Indicate suitable natural sources of (a) vitamin C, (b) glycerol, (r) linolein, 
(d) acetone, (e) fructose, (/) vitamin E, (g) cellulose. 

13. Describe briefly the commercial procedure used in the production of sucrose. 

14. If one starts with 1 lb. of a monosaccharide such as glucose and uses the 
process of alcoholic fermentation, what is the maximum weight (in grams) of 
ethanol that could be produced? Calculate also the volume of carbon dioxide 
that would be liberated at 26°C. and 692 mm. 
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CHAPTER XXXVI 
ORGANIC CHEMISTRY 
IV. ORGANIC SYNTHETIC PRODUCTS 

The simple fact that many and varied organic compounds are 
obtainable from natural sources does not in any sense imply a limita- 
tion upon the number of chemical substances available for the use of 
mankind. Although it is true that many useful and familiar products 
are obtained directly from nature, there are many equally useful and 
important products that probably do not occur naturally. It is 
literally true that modern chemistry has provided not only many new 
products but also many that are distinctly superior to similar materials 
formed by natural processes. 

The chemist’s ability to duplicate or improve upon nature is by no 
fneans limited to the field of organic chemistry. An imposing list of 
analogous past accomplishments in the field of inorganic chemistry 
could easily be compiled, and there is reason to believe that still more 
striking examples will be provided in the future. 

In the following discussions, the student will frequently encounter 
terms such as synthetic products and substitutes. It should be clearly 
understood that use of these terms does not imply that the substances 
so designated are necessarily inferior to related natural products. 
These terms will be used merely to indicate products of laboratory 
origin in contrast to those of natural origin. 

As a result of the tremendous progress made in the organic chemical 
laboratories and industries during the past few decades, one is con- 
fronted with an abundance of examples of new or improved chemical 
products. The examples chosen for the present discussion are largely, 
although not exclusively, related to natural products considered in 
Chap. XXXV. 

36.1. Gasoline 

The need for a gasoline that will give superior performance in 
modern high-compression motors and the increasing demand for a 
motor fuel of this quality have brought forth new methods for the pro- 
duction of more and better gasoline. Natural gasoline obtained by the 
fractional distillation of crude petroleum is known as topped or straight- 

m 
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run gasoline. This is not desirable as a motor fuel because of the 
knock produced when such a fuel is used in high-compression motors. 
There are two ways in which chemists and chemical engineers have 
devised and produced motor fuels having the required properties. 

The quality of straight-run gasoline is much improved by the addi- 
tion of antiknock agents such as lead tetraethyl [(C2H6)4Pb] in quanti- 
ties usually not exceeding 2 to 3 ml. per gal. of gasoline. Although 
lead tetraethyl is the best antiknock agent available, its use was at 
first complicated by the fact that spark plugs and other parts of the 
motor soon became covered by a coating of elemental lead. This was 
overcome by the simple expedient of adding to the gasoline small 
quantities of ethylene dibromide and ethylene dichloride. These com- 
pounds ensure volatilization of the lead and its elimination through the 
exhaust. Thus one solution to the problem of providing better motor 
fuel was found, but the accomplishment of the desired objective was 
neither simple nor easy. 

Another means of providing superior quality gasoline and gasoline 
in larger quantities has been found. The long-chain hydrocarbons 
from petroleum (such as those in the gas-oil fraction) are not suitable 
for use as a fuel for modern automobiles but can be converted into 
high-quality niotor fuel by tlie so-called cracking process. In thivS 
process, the long-chain hydrocarbons are decomposed (cracked) at 
high temperatures and under the influence of catalysts. This decom- 
position is accomplished in huge production units, which utilize oil 
in either the liquid or the vapor state and under a range of suitable 
pressures. The equations given below repres«mt a gross oveisimpiifi- 
cation but will serve to give some idea as to the nature of the chemical 
changes involved. 

C14H30 CsHie C 6 Hi 4 

C14H30 — > C11H22 “ 1 “ CaHs 

Actually, the reactions are far more complicated than the simple forma- 
tion of unsaturated and saturated hydrocarbons indicated above. The 
carbon chains may break anywhere, i.e., either near one end or farther 
toward the middle of the chain. Products of the initial decomposition 
may “crack” to form still shorter carbon chains and ultimately to 
form some carbon and hydrogen. The unsaturated hydrocarbons also 
have a tendency to combine with each other to form longer chains. 
In any case the problem is to adjust conditions so that hydrocarbons 
(either saturated or unsaturated) of the desired range of molecular 
weights will be obtained. 

Suitable processing of the crude products of the cracking operation 
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provides not only gasoline but also many organic chemicals which 
serve as raw materials for the production of synthetic rubber, chemi- 
cals such as ethylene glycol, etc. The utilization of these by-products of 
the petroleum industry is rapidly becoming one of the most important 
aspects of the synthetic organic chemicals industry. 

Antiknock Rating of Gasolines. The degree to which gaso- 
lines possess antiknock properties is expressed in terms of octane 
number or octane rating. The hydrocarbon isooctane is used as a 
basis of comparison and is arbitrarily assigned an antiknock rating of 
100. Straight-run gasolines consist largely of straight-ciiain hydro- 
carbons and the extent to which such gasoline produces knocking is 


H 

I 

H- C- H 

H I H H H 

I I I I 

H-C-C-C-C-C-H 

H I H I H 

H- C- H H- C- H 
H H 
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H H H H H H H 

I I I I I I I 

H- C- C- C- C- C- C- C- H 

I I I I I I I 

H H H H H H H 


n-Heplaiie 


less than that produced by pure n-heptane. Since the antiknock 
properties of iso-ociam are superior to those of ordinary gasolines, the 
antiknock rating of any given gasoline is expressed as the percentage 
(by volume) of wo-octane which must be added to /t-heptane in order 
to duplicate the intensity of knocking produced by the gasoline in 
question. Except for the distinctly inferior grades, most gasolines 
have an octane number of 70 or above. Gasolines produced by modern 
catalytic cracking plants, particularly for use in aircraft motors, have 
octane ratings of about 100 or above. 


36.2. Dyes 

In Chap. XXXY, it was stated that many organic chemicals 
obtained from coal tar are used in the manufacture of dyes. These are 
commonly known as coal-tar dyes or aniline dyes. 

The art of dyeing fabrics and other articles has been practiced for 
thousands of years. Before the development of the modern dye indus- 
tries, man had to rely upon coloring matters obtained directly from 
plants or animals. The S(;arlet dye co(;hineal was (and still is) obtained 
from the insect Coccus cacti which is found in Mexico, the Canary 
Islands, and elsewhere. The ancient Greeks and Romans obtained 
Tyrian purple from a fluid secreted by certain mollusks. Alizarin or 
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Turkey red was obtained from the roots of the madder plant, and 
indigo was produced from various shrubs, called indigo plants. 

The first synthetic coal-tar dye was accidentally formed during 
experiments designed to produce quinine. When he was only seven- 
teen years of age, the English chemist, William Henry Perkin (Fig. 
147), in 1856 treated aniline with chromic acid and produced the dye 
known as mauve. This discovery quickly led to others and to the 
establishment of one of the most important of the chemical industries. 
Prior to the First World War, most coal-tar dyes were produced in 
(iermany. During the war, the United States was cut off from the 
source of supply, and American chemists were faced with the problem 


of producing dyestufis in this country. 
So well did they succeed that this 
country was soon in a position not only 
to supply domestic; needs but also to 
provide dyes for export trade. 

Synthetic dyes are now available to 
produce almost any conceivable shade 
of c;olor. These products of the labo- 
ratory are purer, more adaptable to a 
wide variety of dyeing problems, and 
(;onsiderably less expensive tlian dyes 
extracted from naturally occurring ma- 
terials. Most dyes are of complex 
structure, and the student cannot prop- 
erly appreciate the chemistry involved 
in the synthesis of dyes until after a 



Fig. 147. — William Henry Per- 
kin (1838-1907). 


more thorough study of organic chemistry. The structuial formula 


of indigo is given below. 
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The student is already familiar with the use of certain dyes as indi- 
cators in neutralization reactions. The dye (indicator) known as 
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methyl orange may be produced in the laboratory by fairly simple reac- 
tions and has the following structure: 

H H H H H 

i II II 

H-C\ C-C C-C 0 

I \ ♦ « s' II 

H N-C C-N=N-C C-S-ONa 

f V II 

c=c c»c o 

II II 

H H H H 

Methyl orange 

36.3. Synthetic Methanol 

The quantity of methyl alcohol that can be produced economically 
by the destructive distillation of wood is limited. Not only are the 
supplies of wood to be considered but also the fact that methanol is only 
one of the products obtained and the quantity of it available from this 
source is limited by the demand for these other products. For many 
years it was recognized that much more methyl alcohol could be used 
to advantage as a radiator antifreeze liquid, in the lacquer and varnish 
industries, and for many other purposes, if it could be produced syn- 
thetically and at lower cost. 

During the period 1920 to 1930, methods were discovered and per- 
fected so that methanol could be made from carbon monoxide and 
hydrogen at less than half its cost from wood. As a result, the produc- 
tion and use of methanol has increased to nearly 20 milhon gallons 
annually. The reaction involved, 

CO ~1" 2 FI 2 — ► CH4O “1“ heat 

is carried out by passing mixtures of carbon monoxide and hydrogen 
over a sohd catalyst (usually copper oxide mixed with oxides of 
chromium, zinc, vanadium, or manganese) at temperatures from 
350° to 600°C. and at pressures from 100 to 200 atm. With proper 
adjustment of conditions, yields of methanol in excess of 90 per cent 
may be obtained. Other alcohols are also formed at the same tim^^ 
and, by proper choice of catalyst, temperature, and pressure, relatively 
large quantities of these by-products may be obtained. Alcohols that 
could be produced in this fashion include ethyl, n-propyl, isopropyl, 
and isobutyl alcohols. 

The history of the commercial production of methanol is typical of 
the chemical industries in general. Once cheap and readily available 
supplies of methanol from inexpensive raw materials have been pro- 
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vided, corresponding improvements and cost reduction in dependent 
chemical industries become possible. From the standpoint of the 
ultimate consumer, it is an encouraging fact that past accomplish- 
ments in this direction represent only a beginning. 

36.4. Substitutes for Natural Fats 

Until comparatively recently, the only fats available for use as 
foods or other purposes were those of animal origin. By application 
of some relatively simple chemical information, however, large supplies 
of animal fat substitutes have been made available. These solid or 
semisolid products are in no real sense inferior to natural fats and are 
exemplified by commercial products sold under such trade names as 
Crisco, Snowdrift, and Spry. In addition, solid products of similar 
origin are manufactured for use in the production of c andles, soaps, 
waxes, etc. 

It has already been pointed out that certain liquid vegetable oils 
consist, largely, of unsalurated esters (Sec. 35.5). By addition of 
hydrogen to the double or triple bonds (a process commonly known as 
hydrogenaiion) , these liquid oils may be converted to products that are 
solid or semisolid depending upon the degree to whicli the hydrogena- 
tion is carried to completion. This hydrogenation invariably requires 
the use of a catalyst. Although other catalysts are known and may be 
used to a limited extent, the one most commonly employed is finely 
divided metallic nickel. The catalyst may be prepared by precipitat- 
ing nickel hydroxide in the presence of an inert material such as pumice, 
the particles of which become coated with the precipitate and which 
therefore acts as a “carrier” for the catalyst. The hydroxide is then 
reduced to metallic nickel by means of hydrogen at about 300®C. 
Thereafter, the catalyst is ready for use and need only be protected 
from contact with the atmosphere in order to avoid oxidation of the 
extremely finely divided and reactive nickel. The hydrogenation is 
carried out by agitating the vegetable oil (e.r/., cottonseed oil) and 
catalyst in a closed vessel containing hydrogen gas under a pressure of 
about 20 lb. per sq. in. and at a temperature of about 200°C. 

The physical characteristics of the product depend upon the extent 
of hydrogenation. If all the double or triple bonds are hydrogenated, 
the product is hard an4 waxlike. More commonly, the hydrogenation 
is stopped at a point such that the product will be a semisolid suitable 
for use in cooking. The oil is then separated from the catalyst (which 
may be used again) and allowed to solidify as the temperature is 
lowered to that of the atmosphere. An important feature of this 
whole process of hydrogenation is the fact that it requires the use of 
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very pure hydrogen. Impurities such as hydrogen sulfide and carbon 
monoxide have a tendency to render the catalyst incapable of per- 
forming its function. A catalyst thus affected is said to have been 
poisoned, 

36. 5, Detergent Soaps 

The essential features of the chemistry involved in the manufacture 
of soap were outlined in Sec. 35.5. Although these procedures provide 
high-quality products which serve a wide variety of needs, improve- 
ments are just as readily possible in this as in any of the other chemical 
or semichemical industries. These improvements which provide man 
with new and better chemical products come as the result of delib- 
erate elTorts to produce materials having certain desired properties. 
Altliough popular books dealing with chemical discoveries tend to 
overdrarnatize the accidental, it is more nearly true that most of the 
important advances in (‘hemical science have come only as the result of 
much hard work accomplished in spite of many discouraging failures. 

In order to appreciate the need for the production of improved 
types of soap, one need only consider the undesirable properties of 
ordinary soaps. Because of their tendency to hydrolyze, these soaps 
are alkaline in reaction and produce a burning sensation when they 
come into contact with sensitive tissues such as those of the eye. Also 
because of this alkalinity, t he organic acids are often precipitated when 
one attempts to use ordinary soaps in a(*idic media. The undesirabh^ 
precipitation of insoluble curds of “calcium soaps” in hard water has 
been pointed out previously (Sec. 32.5). Finally, the typical soap 
products are not soluble in organic solvents and hence are not suitable 
for use in dry cleaning. In recent years, means of obviating most of 
these difficulties have been found. 

The production of the newer type of detergent soap may be illus- 
trated by the production of sodium lauryl sulfate. By the hydrolysis 
of the ^esters present in cocoanut oil, an organic acid known as lauric 
acid is produced. This compound has the following formula: 

HHHHHHHHHHHO 

I I I I I I I I 1 I I n 

H-C-C-C-C-C-C-C-C-C-C-C-C-OH 

I I I I I I I I I I I 

HHHHHHHHHH.H 

and serves as the starting material. By suitable chemical treatment 
this acid is successively converted to methyl laurate, lauryl alcohol, 
lauryl sulfuric acid, and finally to sodium lauryl sulfate. These 
changes are represented schematically as follows: 
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Sodium lauryl sulfate 


Other related compounds may be produced similarly. About the only 
requirement is that the hydrocarbon part of the molecule sltould con- 
sist of a long straight chain of carbon atoms; usually 10 or more. It 
should be noted that these ‘‘alkyl sulfates” are half esters of an inor- 
ganic rather than an organic acid. 

These products act as soaps in either hard or soft water and may 
be used effectively in acid solutions. Furthermore, they are neutral 
in reaction. The common commercial product known as Dreff is an 
example of a detergent soap. 

Another relatively new type of soap is particularly worthy of 
mention because this type is soluble in certain organic solvents and 
hence may be used in dry cleaning. These soaps arc produced from 
ethanolamine, 

H H H 


N- C- C- OH 

^ I I 

H H H 

or more directly from the related compounds diethanolamine and tri- 
ethanolamine. In the form of their sodium salts, these compounds are 
neutral in reaction and act as soaps in hard or soft water or in some 
organic solvents. It should be noted that ethanolamine, for example, 
is both a primary amine and a primary alcohol. This particular com- 
pound may be looked upon as one formed by substituting a primary 
amino group for one of the hydrogen atoms in the molecule of ethyl 
alcohol. 

36.6^ Synthetic Vitamins 

In the preceding chapter it was indicated that the various vitamins 
occur in (and therefore may be obtained from) a variety of sources both 
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animal and vegetable. Although man could depend . upon these 
natural sources for the necessary supplies of vitamins, the advantages 
inherent in having the pure chemical substances available in large 
quantities are self-evident. Because of the importance of the vitamins, 
it seems worth while for the student to gain some idea as to the nature 
of the tasks that stand between the discovery of a biologically active 
principle in a natural source and the commercial production of the 
corresponding pure chemical compound. In considerable measure 
also, much the same problems must be faced in connection with the 
identification, synthesis, and production of organic substances other 
than the vitamins. 

For the purposes of the present discussion, vitamin C is used as an 
example because this is the one of the best known and, on a weight 
basis, the most abundant of the water-soluble vitamins. Further- 
more, this vitamin is much simpler from the standpoint of chemical 
constitution than other members of this class of substances. 

For at least a hundred years it has been known that fresh fruits 
contain a material that prevents or cures the disease known as scurvy. 
However, it is only within the past two decades that this material has 
been known to be identical with the chemical compound now known as 
vitamin C. When the existence of this material in nature was recog- 
nized, the first problem to be solved was that of isolating in pure form 
the individual compound responsible for the vitamin activity. The 
choice of the natural source from which isolation of the pure compound 
is to be attempted is important because this choice largely determines 
the complexity of the chemical operations required. Initially, the 
natural material possessing the highest degree of vitamin potency is 
chosen. 

Fresh orange juice contains about 0.05 per cent of vitamin C (by 
weight). If one wished to isolate I g. of the pure vitamin and knew 
of a chemical process that was nearly perfect, it would be necessary to 
start with about 5 lb. of the juice. Having concentrated the juice and 
having separated the bulk of the nonactive components of the solution, 
the chemist is then in a position to separate and purify the compound 
in question. Thereafter, there remains the immediate problem of 
analysis to determine the elemental composition of the pure substance. 
In the case of vitamin C, the analytical data and molecular weight 
determinations show that the simplest formula is CJisOe. However, 
there are many compounds with this same composition, and it is there- 
fore necessary to acquire much more information concerning the chemi- 
cal characteristics of the compound. It must be learned, for example, 
whether the molecule contains alcohol, ketone, aldehyde, amino, or 
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other characteristic groupings. Another useful approach to the study 
of a substance of unknown structure is that of decomposing the mole- 
cule to form two or more simpler molecules which are known or can be 
more easily identified. If the various “decomposition fragments” can 
be identified, the chemist may then speculate as to how these frag- 
ments may have been joined before decomposition and thus gain 
some ideas as to the structure of the original molecule. By these and 
other methods, one may gain a fairly definite idea as to the probable 
structure of tlie unknown compound and thus may have a basis for 
attempts to produce the siibstam e synthetically. 

In the case of vitamin (^, many years of painstaking work on the 
part of many chemists finally led to the laboratory synthesis of the 
(‘ornpound known as l-ascorbif^ acid. 

HO- C = C- OH 

X 

C^O 

H- C- O 

HO- C- H 
H- C- OH 

I 

^ H 

/-Ascorbic acid 
(vitamin C) 

The synthetic product proved to possess “vitamin C activity ” and to 
be chemically identical with the vitamin isolated from natural sources. 
Subsequent to these disi^overies, chemical methods were devised for 
relatively large-scale commercial production of /-ascorbic acid, and this 
vitamin is now available in pure form and in any quantity desired. 

Having isolated vitamin C, proved its structure, synthesized it, and 
provided means for its commercial production, chemists then turned 
to the synthesis of compounds having similar structures. It is often 
true that related compounds produced in the laboratory prove to have 
more pronounced physiological activity than the naturally occurring 
substance. 

Several of the vitamins, as well as a whole host of other naturally 
occurring substances of biological importance, have been synthesized. 
These pure substances are now available to the medical profession and 
are of inestimable value to mankind. It should be recognized, how- 
ever, that, although much progress has been made in recent years, these 
accomplishments will undoubtedly be dwarfed by comparison with 
discoveries that wiU be made in the future. 
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36.7. Synthetic Fibers 

Until comparatively recently, the only fibers available for use in 
the manufacture of the common fabrics were the natural fibers, cotton, 
wool, and silk. Cotton cousins almost entirely of cellulose and is t he 
purest form in which cellulose is found in nature. Both silk and wool 
are nitrogenous substances of considerable complexity and are (^iHUtii- 
cally related to the proteins. When observed under the microscope, 
silk and cotton appear to have smooth surfaces, while wool fibers 
present a scaly appearance (Fig. 148). 

The high cost of silk early prompted the search for substitutes that 
would have all the desirable properties of this natural fiber and yet be 



Cotton Wool Silk 


Fig. 148. — The appear- 
ance of natural fibers viewed 
under the microscope. 



Fig. 149- — The spinning of viscose rayon into 
threads. 


produced at low cost. Although the first artificial silk was probably 
that produced by the French chemist, de Chardonnet, about 1890, 
extensive industrial developments in this field have been realized only 
within the past few years. 

Rayon. The raw material for the manufacture of rayon is cellu- 
lose derived from wood or cotton linters. An important contributing 
factor in the relatively low cost of rayon is the fact that cotton linters 
were formerly a waste material for which there were no important 
uses. The cellulose in these linters (or in wood) is first converted 
to the sodium salt of cellulose by treatment with sodium hydrox- 
ide solution. The sodium cellulose is then converted to cellulose 
xanthate by treatment with carbon disulfide. In dilute sodium 
hydroxide, the xanthate exists as a colloidal suspension, known as 
viscose. This colloidal system is passed through a perforated nozzle 
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(made of a platinum alloy) into a so-called hardening bath which con- 
tains an aqueous solution of II 2 SO 4 and NaHS 04 (Fig. 349). As the 
viscose emerges in the form of fine streams from the holes in the nozzle* 
or spinneret, the ensuing reaction converts the cellulose xanthate to 
“regenerated cellulose” filaments, which are subsequently twisted 
into rayon threads and wound on spools. The size of threads pro- 
duced is determined by the number and size of the perforations in 
the spinneret. 

fn the manufacture of acetate rayoriy cellulose is converted to cellu- 
lose ac.etatci, and this product is aged and dissolved in acetone to form 



Khj. 150. llev. Julius Arthur Nieuwland, C.S.C. (1878-1936). (Coarlmy of 
The Kdffar Falls Sniiffi Memorial Collection in the History of Chemistry, The Uni- 
rersify of Pennsylvania.) 

a vis(*ous liquid. This is forced through a spinneret into an atmos- 
plu're of moist air whereupon the acetone evaporates and filaments of 
acetate rayon are formed. Celanese is a variety of artificial silk which 
is ma(h‘ from cellulose acetate in the form of threads having a particu- 
larly lustrous appeara!K‘e. 

Nylon. The artificial silk known as nylon was d(*veloped by the 
du Pont Company and was first produced commercially in 1940. 
Nylon is a proteinlike substance formed by the union of certain organic 
acids containing two carboxyl groups in each molecule and certain 
amines containing two amino groups in each molecule. The end-to- 
end union of these two kinds of molecules occurs with elimination of 
water and the formation of very large chainlike molecules. This prod- 
uct is melted and extruded through spinnerets similar to those used in 
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the manufacture of rayon. Nylon threads possess greater strength 
and elasticity than natural silk or any other natural fiber. Tlie use of 
nylon threads in the fabrication of hosiery, cloth, etc., is familiar to all. 

36.8. Synthetic Rubber 

Natural rubber is an unsaturated hydrocarbon obtained from a 
milky fluid known as lalex, wJiich is produced by certain tropical trees 
and from a number of other plants. Although natural rubber has been 
the subject of both cliemical and physical investigations for many 
years, its structure is still unknowm Chemical analysis shows that 
the simj)lest formula is but experiments indicate that rubber lias 

a very high molecular weight. Other lines of investigation siu)v\ tliat 
tlie simph^st structural unit in the rubber molecule is the hydrocarbon 
known as isoprene. 

H H H 

N I ^ 

c = c- c = c 

^ I s 

H H- C- H H 

I 

H 

I sopreiie 

Rubber appears to be a polymerized form of isoprene in which mort^ 
than a thousand isoprene units are joined end to end to form very long 
chainlike molecules. 

By heating rubber with sulfur (vulcanization) and ('ertain other 
chemicals, natural rubber may be fabricated into a wide variety of 
useful forms. However, natural rubber has certain undesirable prop- 
erties including deterioration upon exposure to sunlight, lack of resist- 
ance to attack by acids, oils, organic solvents, etc. Tluise and otluT 
factors gave rise to the study of methods for tlie production of syn- 
thetic rubbers. 

Neoprene. The development of the sy ntlietic rubber known as neo- 
prene^ chloroprene, or duprene has been based upon discoveries made 
by J. A. Nieuwland (Fig. 150) and his coworkers at Notre Dame 
University. Their basic discovery consisted in a method whereby 
gaseous acetyhme may be converted to a substance known as divinyl- 
acetylene. In the laboratories of the du Pont Company, Carothers 
and others used similar methods to produce monovinylacctylene which 
was then converted to chloroprene by reaction with hydrogen chloride 
in the presence of a catalyst consisting of a mixture of ammonium 

H H 

I / 

2H-CsC-H-»H-CiC-C = C 

H 

Monovinylacetylene 
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Chloroprenti 

chloride and (*uprous chloride. The polymerizaiioii of c hloroprt^ne 
results in the formation of a synthetics rubber which, altliough more 
expensive than natural rubber, is superior in many respecsts. In com- 
parison with natural rubber, neoprene is more resistant toward sun- 
light, lubricating oils, hydrocsarbons, solvents, and acids. Dcsspite the 
higher cost of production, neoprene has found many applications which 
take advantage of these properties. 

It is of interest to compare chloroprene and isoprene from the stand- 
point of structural similarity. It is evident that the two difler only in 
that ( hloroprene contains fU in plac'e of the methyl group in the iso- 
prene molecaile. The significance of this similarity is borne' out by the 
facd- that studies have shown also a marked similarity between the 
structure of neoprene synthetic rubber and natural rubber. 

Buna Rubbers. The unsaturaled hydrocarbon butadiene and 
ce^rtain of its derivatives were^ perhaps the first substances used in the 
production of synthetic rubbers. As early as the First World War, 
dirnethylbutadiene was used in the production of synthetic rubber in 
Germany. The extensive use of butadiene for sucli purposes in this 
country has resulted from the availability of tins compound as a prod- 
uct of the “cracking” of petroleum. This is an excellent example of 
cases in which developments in one chemical industry became possible 
as a result of advances made in another. 

The synthetic rubber known as Buna is made by the polymerization 
of butadiene in the presence of sodium or some other polymerization 
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catalysts. Buna S is a synthetic rubber formed by the copolymeriza- 
tion of butadiene and styrene. A number of other Buna rubbers have 
been produced by the copolymerization of butadiene and other organic 
substances. 
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Thiokol. . A somewhat different type of synthetic rubber pro- 
duced by the Dow Chemical Company is that known as ThiokoL 
This rubber is a highly polymerized form of the product of the inter- 
action of ethylene dichloride and sodium polysulfide (Na2S^). 

Under the impetus of wartime necessity, the synthetic rubber indus- 
try in the United States has expanded at an almost unbelievable rate. 
It seems evident that large quantities of synthetic rubber will be used 
in the postwar years for specialized uses and perhaps for general use. 
This is a natural consequence of the fact that one may produce syn- 
thetic rubbers that do not have some of the undesirable properties of 
natural rubbers. It should also be kept in mind that natural rubber is 
not likely to be subjected to further improvement, while the j)ossibili- 
ties for the discovery of improved synthetic rubbers are practically 
unlimited. 

36.9. Synthetic Resins and Plastics 

The polymerization of organic molecules or polymerization following 
the union of two or more relatively simple organic compounds gives rise 
to a wide variety of synthetic organic materials commonly referred to as 
resins or plastics. By suitable choice of raw materials one may produce 
resins or plastics having decidedly different propejties which render 
these products adaptable to a veritable multitude of uses. In recent 
years, resins and plastics have come into use in the form of buttons, 
brushes, electrical insulators, combs, pencils, gears, dishes, fountain 
pens, telephone receivers and transmitters, billiard balls, automobile 
steering wheels, etc., etc. The extent to which resins and plastics now 
serve as satisfactory substitutes for metals is indeed signilicant. 

Synthetic resins and plastics are characterized by the fact that they 
can be molded into almost any desired shape. When heated, some of 
these materials become fluid or semifluid whereupon chemical changes 
transform the plastics into hard infusible substanc es. Otlier resi ns and 
plastics may be softened by heat without the occurrence of chemical 
changes having the result indicated above. In either case, the manu- 
facture of objects made from plastics involves heating followed by 
molding under pressure. Fillers, such as powdered wood, asbestos, 
and cotton, as well as coloring matter, may be added depending upon 
the use for which the final product is intended. 

The first synthetic resin to find wide application was that known 
asBakelite and discovered by the Belgian- American chemist Baekeland. 
This resin is made by the reaction between formaldehyde and phenol 
and has been referred to previously (Chap. XXXIV) . Other important 
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synthetic resins and plastics include Lucite (polymerized methyl 
methacrylate), Styron (polymerized styrene), Plaskon and Beetle 
(from urea and aldehydes), celluloid (from cellulose nitrate and cam- 
phor), etc*. The discovery and application of other useful synthetic 
resins and plastics seem likely to overshadow the not inconsiderable 
developments in this field during the past few years. 

in tliis, as in other pliases of chemistry and its allied sciences, each 
new facd. discovered represents an addition to the accumulation of 
scientific information. No matter how obscure and unimportant such 
facts may appear, taken together they lead to a better understanding 
of the physical world and to new and better products for the use and 
benefit of mankind. 


EXERCISES 

1 . Ry means of equal ions, show at least six possibles redactions that might occur 
(luring the cracking of the hydrocarbon Gi 2 n 2 c.. 

2. Why is ethylene dibroinide used as a component of some gasolines? 

3. If one wislied to control the cracking of a hydrocarbon mixture so as to 
(duuse OTK* ])articular product to predominate, what experimental variables might 
best l)e sludi<dd in an etlbrt to acliievc this objective? 

1. lJnd(dr what conditions might it be possible for a gasoline to have an anti- 
kno(‘k rating grcdaler than 100? 

5. Wiiat factors have an important bearing upon the cost of inethtinol pro- 
<lu(ded from wood? 

6. If carbon can be oxidized to a mixture containing (by weight) 68 per cent 
CO and 32 per cent CO 2 and if the former can be converted to methanol with an 
over-all efficiency of 88 per cent, what weight of methanol may be produced from 
1.6 tons of carbon? 

7. Why must catalysts used in the hydrogenation of oils be protected from 
exposure to the atmosphere? 

8. What properties of detergent soaps make these products superior to ordi- 
nary soaps? 

9. If vitamins are present in natural products used as foods, why should there 
bid any need to produce synthetic vitamins? 

10. What reasons might be given for the high retail cost of synthetic vitamins? 

11. Outline the various operations involved in the production of rayon from 
wood pulp. 

12. What simple quiditativc test may be used to distingui.sh between nylon and 
rayon ? 

13. From the standpoint of chemical convStitutiori, what property is possessed 
in common by natural and synthetic rubbers? 

14. Explain clearly the meaning of the term polymerization. 

15. How do different kinds of resins and plastics behave when subjected to 
elevated tempera turcs ? 

16. What advantages may be cited in connection with the substitution of 
resins or plastics for metals in the production of (for example) certain parts for 
automobiles ? 
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APPENDIX 

I. Units of Measurement 


A. Length 

1 kilometer = 1000 meters — 0.6214 mile 
1 meter — 100 c^entimeters = 39.37 inches 
I centimeter = 10 millimeters = 0.3937 inch 
1 foot =12 inches = 30.48 centimeters 
1 inch = 2.54 centimeters = 25.4 millimeters 
H. Volume 

1 liter = 1000 milliliters = 1.06 quarts 
I liter == 1000.027 cubic centimeters 
1 cubic foot = 28.32 liters = 28,320 cubic centiinelers 
1 fluid ounce = 29.574 cubic centimeters 
C, Weight 

1 kilogi’am = 1000 grams = 2.205 pounds (avoirdupois) 
1 pound = 453.592 grams 
1 ounce (avoirdupois) = 28.35 grams 
1 grain = 0.064799 gram = 64.799 milligrams 
I), Temperature 

Degrees C. = 5^("F. — 32) 

Degrees F. = %CC.) + 32 
Degrees K. *= °C. + 273 
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II. Vapor Pressure of Water 


Temperature, °C. 

Pressure, niiii. 

Temperature, °C. 

Pressure, mm. 

0 

4.580 

31 

33 . 662 

5 

6.536 

32 

35 . 629 

10 

9.197 

33 

37.695 

15 

12.771 

31 

39 . 863 

16 

13.617 

35 

12.139 

17 

14.511 

36 

11. 527 

18 

15.457 

10 

55 . 288 

19 

16.456 

4.5 

71.810 

20 

17.512 

50 * 

91 . -192 

21 1 

18.626 

55 

118.03 

22 

19.802 

60 

149.38 

23 

21.043 

65 

187 . 56 

24 

22.351 

70 

233 . 71 

25 

23 . 728 

75 

289.13 

26 

25.181 

80 

! 

355 . 22 

27 

26.709 

85 

433 56 

28 

28.318 

90 ' 

525 . 86 

29 

30.011 

95 ' 

631 00 

30 1 

31.791 

100 ^ 

760.00 


* Osborne and Myers, National Bureau of Standards Journal of Besearch, 13, 11 (1934). 
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III. pH Range and Color* of Some Common Indicators 


pH Range and 

Indicator Colors 

Methyl violet y 0.15- 3.2 r 

Thymol blue (acid range) r 1,2 -2. 8 y 

Methyl orange r 3 . 1 - 4 . 4 y 

Bromphenol blue y 3.0 — 4.6 p 

Methyl red r 4.2 - 6.3 y 

Litmus r 4.5-8.36 

Brom thy mol blue y 6.0-7.66 

Phenol red y 6 . 8 - 8 . 4 r 

Thymol blue (basic range) y 8.0-9.66 

Phenolphthalein c 8.3 -10.0 r 

Trinitrobenzene r 12.0 -ll.Ou 


* o, orange; fc, blue; y, yellow; r, red; p, purple; violet; c, colorless. 


IV. Physicai. Properties ok (iases 


Gas 

i 

Fre(‘zing 
tempera- 
ture, "^C. 

Boiling 
tenifiera- 
ture,* °C. 

Critical 
tempera- 
ture, °C. 

Critical 

pressure, 

atm. 

i 

\mmonia 

— 77 . 74 j 

- 33 . 42 

132.4 

111.50 


-189.2 

-185.9 

-122.00 

48.0 


Sublimes f 

- 78.471 

31 . 35 

73.0 

CarVion monoxide 

-207.0 

-191.484 

-139.00 

35.0 

Chlorine 

-101.6 

- 34.6 

144.00 

76.1 

Ibdiuin 

-269.7 

-268.922 

! -267.9 

2.26 

Hydrogen 

-259.2 

-252.780 

i -239.90 

1 12.8 

IVeon 

-248.7 

[ -245.96 

t -228.7 

25.9 

Nitrogen 

-210.0 

-195.811 

! -147.10 

33.5 

OwfiTCIl 

-218.4 

1 -182.963 

-118.8 

49.7 

Sulfur dioxide 

- 72.7 

- 9.989 

157 . 2 

77.7 





* A.t pressure of 1 atm. 

t Solid carbon dioxide has a vapor pressure of 1 atm. at — 78.471°C. and therefore passes directly 
from the solid state to the gaseous state, t.e., sublimes. If heated under a pressure t)f 5.3 atm., 
carbon dioxide melts at — 56°C;i. 




508 


GENERAL CHEMISTRY 


V. Physical Properties of the Elements* 


Element 

Sym- 

bol 

Atomic 

number 

Atomic 

weight 

Physi- 

cal 

state t 

Density: 

Melting 
tempera- 
ture, °C. 

Boiling 
tempera- 
ture, ''C. 

Hydro^^en 

H 

1 

1.0080 

Gas 

0.08987 

-259 11 

— 252 . 7 

Helium 

He 

2 

4.003 

Gas 

0.1785 

-269.7 

-268.9 

Lithium 

Li 

3 

6.940 

Solid 

0.53 

186 

>1200 

Beryllium 

Be 

4 

9.02 

Solid 

1.8 

1350 

(1.500) § 

Boron 

B 

5 

10.82 

Sohd 

2.5 

2300 

2550 

Carbon 

C 

6 

12.010 

Solid 

2.2611 

3500 


Nitrogen 

N 

7 

11.008 

Gas 

1.2506 

-209.86 

-195.81 

Ox Ygen 

O 

8 

16.000 

Gas 

1 . 4290 

-218.4 

-183.0 

Fluorine 

F 

9 

19.00 

Gas 

1 . 695 

-223 


Neon 

Ne 

10 

20.183 

Gas 

0.9002 

-248.7 

-245.9 

Sodium 

Na 

11 

22.997 

Solid 

0.97 

97.5 

880 

Magnesium. . . 

Mk 

12 

24.32 

Solid 

1 . 74 

651 

1110 

Aluminum .... 

A1 

13 

26.97 

Solid 

2.702 

660 

1800 

Silicon 

Si 

14 

28.06 

Solid 

2.4 

1420 

2600 

Phosphorus. . . 

P 

15 

30.98 

Solid 

1.8211 

44.1 


Sulfur 

S 

16 

32.06 

Solid 

2.07 

112.8 


Chlorine 

Cl 

17 

35.457 

Gas 

3.214. 

-101.6 

-34.6 

Argon 

A 

18 

39.944 

Gas 

1 . 7824 

-189.2 

-185.7 

Potassium .... 

K 

19 

39 . 096 

Solid 

0.86 

62.3 

760 

Calcium 

Ca 

20 

40.08 

Solid 

1.55 

810 

1200 

Scandium 

Se 

21 

45.10 

Solid 

4.80 

220 

688 

Titanium 

n 

22 

47 . 90 

Solid 

4.5 

1800 

3000 

V anadium .... 

V 

23 

50.95 

Solid 

5.96 

1710 

(3000) 

Chromium .... 

Cl 

24 

52.01 

Solid 

7.1 

1615 

2200 

Manganese. . . . 

Mn 

25 

54.93 

Solid 

7.2 

1260 

1900 

I roll 

Fe 

26 

55.84 

Solid 

7.86 

1535 

3000 


Co 

27 

58 . 94 

Solid 

8.9 

1480 

2900 

Nickel 

Ni 

28 

58.69 

Solid 

8.90 

1 452 

2900 

Copper 

Cu 

29 

63.57 

Solid 

8.92 

1083 

2300 

Zinc 

Zii 

30 

65.38 

Solid 

7.140 

419.43 

907 

CTallium 

Ga 

31 

69.72 

Solid 

5.91 

29.75 

>1600 

Germanium . . . 

Ge 

32 

72.60 

Solid 

5.36 

958.5 

2700 

Arsenic 

As 

33 

74.91 

Solid 

5.7 

814 

615 

Selenium 

Se 

31 

78.96 

Solid 

4.80 

220 

688 

Bromine 

Br 

35 

79.916 

Liquid 

3.119 

- 7.2 

58.78 

Krypton 

Kr 

36 

83.7 

Gas 

3 . 708 

-169 

-151.8 

Rubidium 

Rb 

37 

85.48 

Solid 

1.53 

38.5 

700 

Strontium 

Sr 

38 

87.63 

Solid 

2.6 

800 

1150 

Y ttrium 

Y 

39 

88.92 

Solid 

5.51 

1490 

(2500) 

Zirconium 

Zr 

40 

91.22 

Solid 

6.4 

1700 

(>2900) 

Colurabium . . . 

Cb 

41 

92.91 

Solid 

8.4 

1950 

(>3300) 

Molybdenum. . 

Mo 

42 

95.95 

Solid 

10.2 

2625 

3700 

Ruthenium. . . . 

Ru 

44 

101.7 

Solid 

12.2 

2450 

(>2700) 

Rhodium 

Rh 

45 : 

102.91 

Solid 

12.5 

1955 

(>2500) 
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V. PhYSJCAL PBOPERTtKS OF THE ELEMENTS.- (( kmf iniied) 


Elenieiil 

Syn>- 

Atomic 

Atomic 

Physi- 

Dimsi ( y | 

j Melting 

Boiling 

hoi 

mimher 

weigh! 

c-ai 

statist 

1 tempera- 
ture, ^C, 

tempera- 
ture, °C. 

Palladium. . . . 

Pd 

16 

106.7 

Solid 

12 

1555 

2200 

Silver 

Ag 

17 

J 07. 880 

Solid 

10.5 

960 5 

1980 

Gadiuin 

Cd 

[8 

112. 11 

Solid 

8.6 

320 . 9 

767 

1 udiiitt) 

In 

19 

11 1.76 

Solid 

7.3 

155 

> 1 150 

Tin 

Sn 

:>() 

118.70 

Solid 

7.31 

231 . 85 

2260 

Antimony 

Sb 

51 

121.76 

Solid 

6.681 

630 . 5 

1380 

Tellurium 

Te 

52 

127.61 

Solid 

6.21 

152 

1390 

Iodine 

I 

53 

126.92 

Solid 

1.93 

113.5 

184.35 

Xenon 

Xe 

51 

131 .3 

(ias 

5.851 

-] 10 

- 109.1 

Cesium 

Cs 

55 

132.91 

Solid 

1 .90 

26 

670 

Barium 

Ba 

56 

137.36 

Solid 

3.5 

850 

1140 

Lanthanujn . . . 

La 

57 

138.92 

Solid 

6.15 

826 

1800 

Cerium 

Ge 

58 

110.13 

Solid 

6.90 

610 

1 100 

Praseodymium 

Pr 

59 

1 10 . 92 

Solid 

6 . 5 

910 


Neodyiuiuin. . . 

Nd 

60 

|] 11.27 

Solid 

6.9 

810 


Samarium 

Sm 

62 

150. 13 

Solid 

7 . 7 

>1300 


Hafniiun .... 

Ilf 

70 

J78.6 

Solid 


(1700) 

800 

(3200) 

(> 1100 ) 

Tantalum. ... 

l\i 

73 

180.88 

Solid 

16.6 

Tungsitin 

W 

71 

183.92 

Solid 

19.3 

3370 

5900 

Bhenium 

Be 

75 

186.31 

Solid 

21 . 10 

3110 


Osmium 

Os 

76 

190.2 

Solid 

22.18 

2700 

(>5300) 

Iridium 

Ir 

77 

193.1 

Solid 

22.4 

2350 

( > 1800) 

Platinum 

Pt 

78 

195.23 

Solid 

21 . 15 

1755 


Gold 

All 

79 

197.2 

Solid 

19.3 

1063.0 

2600 

Mercury 

Hg 

80 

200.61 

liquid 

13.546 

-38.87 

3,56.90 

Thallium 

T1 

81 

201.39 

Solid 

11.85 

303 . 5 

1650 

Lead 

Pb 

82 

207 . 21 

Solid 

11.31 

327 . 5 

16 . 20 

Bismuth 

Bi 

83 

209.00 

Solid 

9.8 

271 

1 150 

Radon 

Bn 

86 

222 

Gas 

9.73 

-71 

-61 8 

Badium 

Ra 

88 

226.05 

Solid 

(5) 

960 

1140 

Thorium 

Th 

90 

232,12 

Solid 

11.2 

1815 

(>3000) 

Uranium 

U 

92 

238.07 

Solid 

18.7 

>1850 



* Most of the (lata in this table were, taken from “Lange’s Handbook of (Chemistry,” Handlniok 
Publishers Inc., Sandusky, Ohio, 1941. Some of the less common elements for which most of the 
data are not available are omitted. 

t Under ordinary atmospheric conditions. 

t Densities of gases are given in grams vier liter at a pressure of 1 atm. Densities of liriiiids and 
solids are given in grams per cubic centimeter. 

§ Values given in parentheses are estimated. 

11 Graphite, 
t Yellow phosphorus. 





510 


GENERAL CHEMISTRY 


VI. N/Vturally OccuRBiivG Isotopes of the Elements* 


/Vtomic 

nuiTiI)Pr 

SynilK)! 

Number of 
stable 
isotopes 

Mass numbers in order of decreasing 
percentage abundance 

1 

H 

2 

1 (99.98), 2 (0.02) 

2 

He 

2 

t (100), ;5 (trace) 

3 

Li 

2 

7 (92..'!). 6 (7.5) 

1 

Be 

1 

9 (100) 

7 ) 

B 

•■) 

11 (81.6), 10 (18.4) 

6 

C 

2 

12 (98.9), 1.3 (1.1) 

7 

IN 

2 

14 (99.62), 15 (0.38) 

8 

0 

3 

16 (99.76), 18 (0.20), 17 (0.041) 

9 

F 

1 

19 (100) 

10 

Ne 

3 

20 (90.00), 22 (9.73), 21 (0.27) 

U 

Na 

1 

23 (100) 

12 

Mg 

3 

21 (77.1), 25 (11..5) 

13 

A1 

1 

27 (100) 

11 

Si 


28 (89.6), 29 (6.2), 30 (4.2) 

15 

P 

1 

31 (100) 

16 

s 

4 

32 (95.1), 34 (4.2), 33 (0.71), 36 (0.016) 

17 

Cl 

2 

35 (75.1), 37 (24.6) 

18 

A 

3 

10 (99.632), 36 (0..307), 38 (0.061) 

19 

K 

3 

39 (93.38), 41 (6.61), 40 (0.012) 


Ca 

6 

10 (96.96), 44 (2.06), 42 (0.64), 48 (0.19), 43 

20 j 



(0.15), 46 (0.0033) 

21 

Sc 

1 

45 (too) 

22 

Ti 

5 

48 (73.45), 46 (7.95), 47 (7.75), 19 (5.51), 50 




(5.34) 

23 

Y 

1 

51 (100) 

24 

Cr 

4 

.52 (83.78), 53 (9.43), 50 (4.49), .54 (2.30) 

25 

Mn 

1 

55 (100) 

26 

Fe 

4 

56 (91.57), 54 (6.04), 57 (2.11), .58 (0.28) 

27 

Co 

1 

59 (100) 

28 

Ni 

5 

58 (67.1), 60 (26.7), 62 (3.8), 61 (1.2), 64 (0.88) 

29 

Cu 

2 

63 (70.13), 65 (29.87) 

30 

Zn 

5 

64 (.50.9), 66 (27.3), 68 (17.4), 67 (3.9), 70 (0.5) 

31 

Ga 

2 

69 (61.2), 71 (38.8) 

32 

Ge 

5 

74 (37.1), 72 (27.3), 70 (21.2), 73 (7.9), 76 (6.5) 

33 

Afl 

1 

75 (100) 

34 

Se 

6 

80 (48.0), 78 (24.0), 76 (9.5), 82 (9.3), 77 (8..3), 




74 (0.9) 

35 

Br 

2 

79 (50.6), 81 (49.4) 


* From table of isotopea published by G. T. Seaborg, Reoiew* of Modem Physics^ 16, 1 (1944), 
which indudes also the known artificial radioactive isotopes of the elements. 
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VI. Naturally Occurring Isotopes of the Elements. — (Continued) 


Atomic 

inimlxT 

Symbol 

Number of 
.stable 
isotope.s 

Mass numbers in order of decreasing 
percentage abiindan(^e 

36 

Kr 

6 

81 (57.11), 86 (J7.47), 82 (11.5:5), 8.5 (11. .5.3), 
80 (2.01), 78 (0.35) 

.37 

Kb 

>> 

85 (72.8), 87 (27.2) 


Sr 

1 

88 (82.56), 86 (9,86), 87 (7.02), 84 (0.56) 

.36 

Y 

1 

89 OOO) 

10 

Zr 

5 

90 (48), 92 (22), 94 (17), 91 (11.5), 96 (1.5) 

U 

Gb 

J 

93 (100) 

12 

Mo 

7 

98 (21.1), 96 (16.6), 95 (16.1), 92 (1 1.9), 97 (9.65), 
94 (9. 1), 100 (9.25) 

11 

Ru 

7 

102 (31.31), 104 (18.27), 101 (16.98), 99 (12.81), 
100 (12.70), 96 (5.68), 98 (2.22) 

1.3 

Rh 

1 

103 (100) 

46 

Pd 

6 

106 (27.2), 108 (26.8), 105 (22.6), 110 (13..5), 
104 (9.3), 102 (0.8) 

i: 


2 

107 (51.9), 109 (18.1) 

1» 

Cd 

8 

114 (28), 112 (24.2), 111 (13.0), 110 (12.8), 113 
(12.:5), 116 (7.3), 106 (1.4), 108 (1.0) 

16 

In 

2 

115 (95.5), 113 (4.5) 

50 

Sn 

10 

120 (28.5), 118 (22.5), 116 (15.5), 119 (9.8), 117 
(9.1), 124 (6.8), 122 (5..5), 112 (1.1), 114 (0.8), 
115 (0.4) 

51 

Sb 

2 

121 (56), 123 (44) 

52 

Te 

8 

130 (:53.1), 128 (32.8), 126 (19.0), 125 (6.0), 124 
(4.5), 122 (2.9), 123 (1.6), 120 (1) 

5.3 

1 

1 

127 (100) 

51 

Xe 

9 

132 (26.96), 129 (26.23), 131 (21.17), 134 (10..54). 
136 (8.95), 1.30 (4.07), 128 (1.90), 124 (0.094), 
126 (0.088) 

55 

Gs 

1 

133 (100) 

56 

Ba 

< 

7 

138 (71.66), 137 (11.32), 136 (7.81), 135 (6.59), 
1.34 (2.42), 130 (0.101), 132 (0.097) 

57 

La 

1 

1.39 (100) 

5a 

Ce 

1 

140 (89), 142 (11), 136 (1), 138 (1) 

59 

Pr 

i 

141 (100) 

60 

Nd 


142 (25.95), 144 (22.6), 146 (16.50), 143 (13.0), 
145 (9.2), 148 (6.8), 150 (5.95) 

62 

Sin 

7 

152 (26), 154 (20), 147 (17), 149 (15), 148 (14), 
150 (5), 144 (3) 
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VL Naturaxly Occurriivc. Isotopes of the Klements.— (donh'nurd) 


A^toniic 

Symbol 

Number of 
stable 
isotopes 

Mass numbers in order of deereasin^j: 

number 

pcTcentafi^e abundanee 

63 

Eu 

o 

153 (50.9), 15] (19.1) 

6t 

(id 

7 

158 (23.45), 160 (20.87), 156 (20.59), 157 (16, 12), 
155 (1.5.61), 1.54 (2.86), 152 (0.2) 

6r> 

Tb 

1 

159 (100) 

66 

Dy 

6 

164 (28), 163 (24), 162 (24), 161 (22), 160 (1.5), 
1.58 (0.1) 

67 

Ho 

1 

165 (100) 

68 

Er 

i 

6 

166 (32.9), 168 (26.9), 167 (24.4), 170 (14.2), 
164 (1.5), 162 (0.1) 

69 

Tm 

1 

169 (100) 

70 

Yb 

7 

174 (29.58), 172 (21.49), 173 (17.02), 171 (11.26), 
176 (13.38), 170 (1.21), 168 (0.06) 

71 

Lu 

‘7 

175 (97.5), 176 (2.5) 

12 

lif 

6 

180 (.35.14), 178 (27.13), 177 (18.47), 179 (13.85), 
176 (5.30), 174 (0.18) 

73 

Ta 

1 

181 (100) 

71 

W 

5 

184 (.30.1), 186 (29.8), 182 (22.6), 183 (17,3), 
180 (approx. 0.2) 

75 

Re 

2 

187 (61.8), 185 (38.2) 

76 

Os 

7 

192 (41.0), 190 (26.4), 189 (16.1), 188 (13,3), 
187 (1.64), 186 (1..59), 181 (0.018) 

77 

Ir 

2 

193 (61.5), 191 (38..5) 

78 

Pt 

5 

195 (.35.3), 194 (.30.2), 196 (26.6), 198 (7.2), 
192 (0.8) 

79 

\u 

1 

197 (100) 

80 

Hg 

7 

202 (29.6), 200 (23.3), 199 (17.0), 201 (1.3.2), 
198 (10.1), 204 (6.7), 196 (0.15) 

81 

Ti 

2 

205 (70.9), 203 (29.1) 

82 

Pb 

4 

208 (52.3), 206 (23.6), 207 (22.6), 204 (1.5) 

83 

Bi 

1 

209 (100) 

90 

Th 

1 

232 (100) 

92 

U 

3 

238 (99.28), 235 (0.71), 234 (0.006) 
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VI 1. Solubility Product Values 


Formula 

Temperature, °G. 

A H.p. 

Sulfides: 



MnS 

18 

1.4 X 10-1^ 

FeS 

18 

3.7 X 10-i» 

ZnS 

18 

1.2 X 10-^-^ 

NiS 

18 

1.4 X 10 

PbS 

18 

3.4 X 10 

GdS 

18 

3.6 X 10“2i» 

CuS 

18 

8.5 X 10-4^ 

HgS 

18 

4 X 10-f>3 

Chlorides: 



I'bClj 

25 

1 .0 X 10 ^ 

TlGl 

25 

2.6 X 10'^ 

GuGl 

18 

l.O X 10 

AgCl 

25 

1 .6 X 10- 1" 

HgCla 

25 

2.6 X 10 

llgCl 

25 

2 X 10-^8 

Ilydroj'ides: 



AgOH 

20 

1.5 X 10-8 

Mg(()H)2 1 

18 

1.2 X 10-1^ 

Fe(OH )2 

18 

1.6 X 10-^‘ 

Zn(Ori)2 

20 

CO 

X 

0 

! 

Mn(01l)2 i 

18 

4 X 10-^4 

A1(0H)3 ; 

25 

3.7 X 10-1^ 

Fe(OH)3 1 

Carbonates: i 

18 

1 

1.1 X 10-88 

MgC()3 1 

12 1 

2.6 X 10-5 

SrGO, 

25 

1 . 6 X 10-8 

BaCOs 

18 

8.1 X 10-“ 

GaG()3 

25 

8.7 X 10-“ 

Ag2G03 

25 

6.2 X 10-^2 

PbCOa 

18 

3.3 X lO'-i^ 

Sul fairs: 



TI 2 SO .1 

25 

3.6 X lO--* 

GaS04 

10 

6.1 X 10-5 

SrSC)4 

17 

2.8 X 10-’ 

PbS04 

18 

1 . 1 X 10-8 

BaS04 

25 

1 . 1 X 10-18 
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VIII. Composition of AlLloys* 


Composition, % 

IVade rifiine 

Melting 
tempera- 
ture, 'U. 

/Mumitiuni: 

95 M, 5 Cu 

j 

Lynile, body alloy 

650 

90 Al, U) Mg 

Magiialiuin 

600 

95 Al, 5 Si . . . . 

Aluminuin-silkum 13 

577-630 

Bismuth: 



52 Bi, 40 Pb, 8 Cd 

Ikitectic fusible alloy 

91.5 

50 Bi, 25 Pi), 12.5 Sii, 12.5 Cd 

Wood’s metal 

70-72 

Cobali: 



10-80 Co, 20-55 Cr, 0-25 \V, 0.7.5-2.5 C. . 

St(‘llite 

11.50 

Copper: 



90 Cu, 10 Al 

Aluinimin^ bronze 

1050 

90 Cii, 9 Al, 1 Fe 

Re^sislae 

1066 

17 Cu, 35 Au, 20 iVg 

61 Cu. 26 Mn, 13 Al 

75 Cu, 25 Ni 

60 Cu, 10 Ni 

8 Carat gold 

Magnetie alloy 

Nick(‘l coinage, Lj.S.A. 
Cons! an tan 

1280 

91.6 Cu, 8.25 Sn, 0.15 P 

82 Cu, 16 Sii, 2 Zri 

90 Cu, 10 Zn 

Phosphor bronze 47 
Bearing bronze 

Bed brass 

1050 

67 Cu, 33 Zn 

Yellow brass 

940 

55 Cu, 25 Zn, 20 Ni 

Usual German silver 


(Sold: 



90 Au, 10 Cu 

Coinage gold 

940 

58 Au, 1 4-28 Cu, 1-28 Ag 

90 Au, 10 Pd 

1 1 Carat gold 

White gold 

1265 

92 Au, 4.2 Ag, 3.8 Cu 

75 Au, 10-20 Ag, .5-15 Cu 

22 Carat gold 

18 Carat gold 


Iron: 



98.5 Fe 

Wrought iron 

1510 

80 Fe, 20 Al 

Ferro-alumiiiurn 

1480 

99 Fe, 1 C 

Steel 

1430 

97 Fe. 3 C 

White cast iron 

1150 

94 Fe, 3.5 C, 2.5 Si 

Gray cast iron 

1230 

90-92 Fe, Cr 0 4 Mn, 0.12 C 

Stainless steel 

1450 

88 Fe, 16-17 Cr, 0.4 Mn, 0.1 C (max.). . . 

Stainless iron 

Fe, 17-20 Cr, 7-10 Ni, 0.5 Mn, 0.5 Si, 



0.2 C 

Allegheny metal 

1430-70 

50 Fe, 50 Cr 

Ferro-chromium 

1460 

86 F®, 13 Mn, 1 C 

Manganese steel 

1510 

96.5 Fe, 3.5 Ni 

Nickel steel 

1530 

95.1 Fe, 3 Ni, 1.5 Cr, 0.4 C 

63.8 Fe, 36 Ni, 0.2 C 

Nickel-chrome steel 
Invar 

1495 


* Data from Lange’s Handbook of Chemistry/’ Handbook Publishers, Inc., Sandusky, Ohio, 
1941. The alloys are listed alphabetically according to the name of the metal that predominates. 
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VIII. Composition of \.ia.oys.~-~ (Confirmed) 


Composition, % 

Trade name 

M el ting 
tempera- 
ture, ""C. 

97.6 Fe, 2 Si, 0.4 C 

Silicon steel 


84.3 Fe, 14..''> Si, 0.8.5 C, 0.35 Mii 

94.5 Fe, 5 W, 0.5 C 

75 Fe, 18 W, 6 Cr, 0.3 V, 0.7 C 

Duriron 

1 Tungsten steel 
! High-speed steel 

1265 

Lead: 

j 


99.8 Pb, 0.2 As 

j Lead for shot 


94 PI). 6 Sb 

82 Pb, 15 Sb, 3 Sn 

1 Battery plate 
j Type rneUd 

300 

67 Pb, 33 Sn 

1 Plumber's solder 

275 

.50 Pb, .50 Sn 

Magnesium: 

1 Half-and-half solder 

1 

275 

93.7 Mg, 6 Al, 0.3 .Mn , . . 

Dowinetfil E 1 

610 

88 Mg, 12 A1 

Dowmetal B 

575 

85 Mg, 15 Al ^ 

Dowmetal C 

590 

Mercury: 



80 Hg, 20 Bi 

70 Hg, 30 Cu 

Bismuth amalgam 
Dentist’s amalgam 

90 

Nickel: 



80 JNi, 20 Cr 

Chromel A 


60 Ni, 33 Cu, 6.5 Fo 

75 Ni, 12 Fe, 11 Cr, 2 Mn 

Monel metal 

Nichrorne wire 

1360 

60 Ni, 24 Fe, 16 Cr, O.l C 

Nichrome 

1350 

60 Ni, 20 Fe, 20 Mo 

Hastelloy A 

1300 

Plaliniini: 



80-100 Pt, 0.-20 llh 

Thernux^ouple rhodium 


Silver: 



90 Ag, 10 Cu 

63 Ag, 30 Cu, 7.5 Zn 

U. S. silver coin 

Silver solder 

890 

T in: 


90 Sn, 10 Sb 

90 Sn, 7 Sb, 3 Cu 

Brittania metal 

1 Babbitt metal 

255 

75 Sn, 12.5 Sb, 12.5 Cu 

85 Sn, 6.8 Cu, 6 Bi, 1.7 Sb 

Antifriction 1 

Pewter 

233 

T arufslen: 



W, 0..5-0.75 ThOz 

Filament tungsten 


Zinc: 



90 Zn, 6 Al, 4 Cu 

Aluminum solder 


60 Zn, 40 Cu 

63 Zn, 21 Sn, 12 Pb, 3.2 Cu 

White solder 

Battery plate 

UO 
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IX. Common JNames of ChemicaEvS 


Coninion name 

Chemical name 

Formula 

Xgale 

Silicon dioxide 

SiOa 

Alabaster 

Calcium sulfate 

CaS 04 - 2 H 2 O 

Alum 

Potassium aluminum sulfate 

KAJ(S 04 ) 2 l 2 H 2 () 

Alunduin 

Aluminum oxide 

AI 2 O 3 

NH 4 OH 

Aqua ammonia 

Ammonium hydroxide 

Aqua fortis 

Aqua regia 

Nitric acid 

Mixture of concentrated MCI 
and concentrated HNOs 

HNO 3 

Bleaching powder. . . . 

Calcium chloride hypocdilorite 

CaOCL, 

Blueing 

Ferric ferrocyanide 

: Fc4lFe(CN)„l3 

Blue vitriol 

Copper sulfate 

CUSO 45 H 2 O 

Boracic acid 

Boric acid 

H 3 BO 3 

Borax 

Sodium tetraborate 

Na2B4O7l0H,(> 

Brimstone 

Sulfur 

s 

Burnt alum i 

Potassium aluminum sulfate 

KA1(S04). 

Calomel 

M ercui'ous (dilori de 

Hg,Cl2 

CaC2 

Carbide 

Calcium carbide 

Caustic potash 

Potassium hydroxide 

KOI! 

Caustic soda 

Sodium hydroxide 

NaOH 

Chalk 

Cakdum carbonate 

CaCOa 

Chloride of lime . 

Calcium chloride hy|KK*hlorite 

CaOCL 

Chrome green 

Chromium trioxide 

Cr^O.^ 

Chrome yellow. , . 

Ijcad chromate 

1 PbCr 04 

Copperas * 

Ferrous sulfate 

FeS04-7H2() 

Corrosive sublimate. . 

Mercuric chloride 

HgCl2 

Fool’s gold 

Iron disulfide 

1 FeSj 

Flint 

Silicon dioxide 

1 Si02 

Glauber’s salt 

Sodium sulfate 

Na2SO4l0H2() 

Green vitriol 

Ferrous sulfate 

FeS04-7H20 

Gypsum 

Calcium sulfate 

CaS042H20 

Hypo 

Sodium tliiosulfate 

Na2S20a-5Il20 

Javelle water 

Sodium hypochlorite solution 

NaOCl 

Laughing gas 

Nitrous oxide 

N 2 O 

Litharge 

Lead monoxide 

PbO 

Lunar caustic 

Silver nitrate 

AgNOa 

Lye 

Sodium hydroxide 

NaOH 

Marble 

Calcium carbonate 

CaCOa 

Milk of lime 

Calcium hydroxide solution 

Ca(0H)2 

Milk of magnesia 

Magnesium hydroxide sus- 
pended in water 

Mg(0H)2 

Muriatic acid 

Impure hydrochloric acid 

HCl 

Niter 

Potassium nitrate 

KNO* 

Oil of vitriol 

Concentrated sulfuric acid 

H 2 SO 4 

Oleum 

Fuming sulfuric acid 

H 2 SO 4 -h SOa 
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IX. Common Names of Chemicals. — (Continued) 


Coiniuon name Chemical name | Formula 

Paris green Doubh^ salt, of copper acetalt* ' Cu(C2H302)2 Cu3(As03)2 

and copj>er arsenit(‘ 

Peroxide Hydrogen peroxide solution H2O2 

Plaster of Paris Calcium sulfate (CaS()4)2 n2C 

Potash Potassium carbonate , K2CO3 

Prussian blue ; Ferric ferrocyanide j Fe4[Fe(CN)6]3 

Prussic acid | Hydrocyanic acid HCN 

Quicksilver | Mercury • ! Hg 

Red lead I Lead orthoplumbate i Pb304 

Rochelle salt Potassium sodium tartrate i KNaC4H406 

Rock salt Sodium chloride NaCl 

Rouge Ferric oxide Fe^Oa 

Sal ammoniac . . . Ammonium chloride NH4CI 

vSal soda Sodium carbonate Na-jCO.rlOILO 

Salt cake Impure sodium sulfate Na2S04 

Saltpeter Potassium nitrate KNO3 

Soda ash Sodium (*arbonat<‘ Na2C03 

Sugar of lead T..^*ad acetate Pb(C2H3()2)2-3H2< > 

TurnbulFs blue. , . Ferrous ferricyanide Fe;{[Fe(CN)6]2 

Verdigris Htisic co])f)er acetate Cu(0H)C2H302 

Vermilion Mercuric sulfide i HgS 

White arsenic Arsenious oxide ; AsoOa 

White lead Basic lead carbonate ' Pb2(()H)2C03 
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X. Market Pricks of Some Common Chemicals* 


Chemical 

Acetaklohydo 

Acetone' 

A(;id aeudic, 28% 

Acetic, glacial, 99.5% 

Acetylsalicylic 

Formic, 90% j 

Hydrochloric 

Nitric 

Phosphoric 

Sulfuric 

Aluminum, mental, 98-990; 

Chloride 

Sulfate 

Ammonia, anhydrous 

Aqueous 

Aumionium carbonate 

Chloride 

Nitrate 

Sulfate 

Antimony chloride 

Oxide 

Arsenious oxide 

Chloride 

Barium carbonate, 99% 

Chloride 

Hydroxide 

Nitrate 

Bismuth, metal 

Nitrate 

Subnitrate 

Bleactiing powdi'r 

Boneblack 

Borax 

Bromine 

Cadmium, metal 

Calcium acetate 

Carbonate 

Chloride 

Calomel 

Carbon disulfide 

Dioxide, liquid 

Tetrachloride 

Chlorine, liquid 


Quantity 

Price 

Lb. 

1 0.11 

Lb. 

0 07 

100 11). 

5 . 58 

100 11). 

9.L5 

Lb. 

0 . 15 

Lb. 

0.11 

100 It). 

1.75 

100 11). 

T) . 00 

Lb. 

0.11 

100 11). 

1 . 50 

Ton 

1().50 

Lb. 

0.15 

Lb. 

0 08 

100 1b- 1 

1 15 

j Ton 

59 00 

! Ton 

65 . 00 

1 U). 

0.09 

i 100 11). 

5 . 50 

i 100 lb. 

4.35 

' Ton 

28 . 20 

; Lb. 

0.17 

Lb. 

0.15 

Lb. 

0 0 ! 

Lb. 

1 55 

Ton 

53.00 

Ton 1 

73 . 00 

Lb. 

0 . 06 

Lb. 

0 10 

i Lb. 

1 . 25 

‘ Lb. j 

1 . 30 

; Lb. i 

1.20 

' 100 lb. 1 

2 . 50 

: Lb. 

0.09 

1 Ion i 

1 1 . 50 

1 Lb. ' 

0 . 23 

Lb. i 

0 90 

100 lb. ; 

3 . 00 

Lb. 

0 . 03 

Ton 

18.50 

Lb. 

2.44 

Lb. 

0.05 

Lb. 

0.06 

Gal. 

0.73 

100 lb. 

1.75 


* From Chemical and Engineering News, 23, 1388 (1945). These prices apply to purchases of 
large commercial quantities and vary somewhat in relation to the quantities involved. 
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X. Market Prices of Some Common Chemicals. — 

(Continued) 

Chemical 

Quantity 

Price 

G()pf)er, metal ((electrolytic) 

Lb. 

0 12 

Chloride 

Lb. 

0. 15 

()xid(e 

Lb. 

0.19 

Sulfate 

100 lb. 

5 . 00 

Epsom salt 

100 lb. 

1 . 80 

Ether, ditelhyl 

Lb. 

0. 11 

Ethyl acetate, 85-90% 

Lb. 

0.11 

Ethylene glycol 

Lb. 

O.U) 

Formaldehyde 

Lb. 

0.05 

(ilaiiber’s salt 

100 lb. 

1 .05 

Hydrogen f)eroxide 

Lb. 

0.16 

Iodine, rtesublimiHl 

Lb. 

2.00 

Iron chloride 

Lb. 

0.05 

Lead acetate 

Id). 

0.15 

Arsenate I 

Lb. 

0.11 

Metal 

Lb. 

0.07 

()xid<e (lit harge) . i 

Lb. 

0.08 

White 1 

Lb. 

0.08 

Magnesium (carbonate j 

Lb. 

0.06 

Chloride 

'Foil 

82.00 

Oxide 

Lb. 

0.26 

Manganese chloride 

Lb. 

0.15 

Dioxide, 85-90% 

Ton 

71.00 

Mercury, metal { 

76 lb. 

1.40 

Mercuric chloride ! 

Lb. 

2.01 

Methanol, synthetic 

Gal. 

' 0.51 

Naphthalene . j 

too 11). 

1 5.00 

Nitrobenzene j 

Lb. 

1 0.08 

Paradi chlorobenzene j 

Lb. 

0 11 

Paris green 

Lb 

0 20 

Phcnolphthalein 

i Lb. 

0 . 80 

Phosphorus, red 

Lb. 

0 . 10 

Platinum, metal 

Oz. 

56.00 

Potassium dichromate 

Lb. 

1 0.10 

Chlorate 

Lb. 

1 0.11 

Permanganate 

Lb. 1 

0.20 

Salt cake 

Ton 

15.00 

Saltpeter 

100 lb. 1 

8.20 

Silica, amorphous, 96%^ 

Ton 

17.00 

Silver nitrate 

Oz. 

0.52 

Sodium bicarbonate 

100 lb. 

1,85 

Chloride 

Ton 

15.70 

Cyanide, 96-98% 

Lb. 

0.15 

Dichromate 

Lb. 

0.07 

Nitrate 

Ton 

27.00 
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X. Market Prices of Some Common Chemicals. — { Continued ) 


Chemical 

Quantity 

IVice 

Sodium Silicate 

100 Ih. 

0.80 

Sulfate 

100 lb. 

1.70 

Thiosulfate | 

100 11). 

2.25 

Sulfur 

Ton 

16.00 

Sulfur dioxide 

Lb. 

0.07 

Tin, metal 

Lb. 

0 . .52 

Tungsten, metal 

Lb. 

2.60 

Zinc, metal 

Lb. 

0.09 

Oxide 

li). 

i 

0.07 




CORRELATED LIST OF VISUAL AIDS 


The following list of visual aids can be used to supphnnent some of 
(he material in this book. These films can be obtained from the pro- 
diK'er or distributor listed with ea(‘li title. (The addresses of these 
producers or distiibutors are listed at the end of the bibliography.) 
In many cases these films can also be secaired through local film 
libraries or local film distributors. Many universities also have large 
film libraries from which motion pictures can be borrowed. 

The running time (min) and whether it is silent (si) or sound (sd) 
are listed with each title. All of th(xs(* not listed as color (C) are black 
and white. All of the following are 16 -mm motion pictures. 

In many cases the motion picturcis will have an accompanying 
instructor’s manual. 


CHAPTER I 

Historical Introduction to the Study of Chemistry (EBI^ 
ISinin si). Shows experiments at thc^ lime of Lavoisier and Priestley 
and the attempts of the alchemists to produce gold. 

Chemistry and a Changing World (EBF llmin sd). Gives an 
over-all impression of the work of the chemist and the importance of 
chemistry in the modern world. 

Science and Agriculture — The Soy Bean (EBF llmin sd). 
Shows interdependence of agriculture and industry and the role of the 
research chemist in agriculture. 

CHAPTER III 

Chemical Reactions (Bra F 20min sd). Explains the composi- 
tion of an atom, the relationship between nucleus and electrons, and the 
nature of chemical reactions. 

CHAPTER IV 

Energy and Its Transformations (EBF lOmin sd). Demon- 
strates the principles of the conservation of energy and the com^epts of 
power and work. 

Catalysis (EBF llmin sd). Shows the nature of catalytic action 
and indicates its importance in many chemical processes. 

Chemistry of Combustion (EPS llmin si — sd). A series of 
chemical experiments in oxidation and combustion. 
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CHAPTER IV 

Fire flaking (KBF ISmiii si). Demonstrates th(‘ phenomena of 
combustion. 

CHAl^ER V 

Molecular Theory of Mailer (liBF 11 min sd). Shows the 
scientific procedures iieci\ssary to presejit and illustrate the molecular 
theory of matter. 

Charaelerislics of Gases (Bra F llmin sd). Gives an explana- 
tion of the physical laws dealing with gases. 

CHAPTER VI 

Crystallization (Bray 20min si). Shows by experiments how 
crystals are formed and the pe(mliarities of size arid shape. 

Characteristics of Liquids (Bra F llmin sd). Properties and 
forms that liquids assume. 

Characteristics of Solids (Bray llmin sd). Some of the funda- 
mental conceptions of nature and the physh'al laws involved. 

CHAPTER XI 1 

Velocity of Chemical Reactions (h]BF llmin sd). Good for 
showing how the velocity of a chemic'al reaction is aflected by the 
nature of the reacting substanc'e, its concentration and temperature. 

CHAri KR XIV 

Electrons (EBF llmin sd). A demonstration of Faraday’s laws, 
valence, Millikan’s (experiment, prin(*iples of vacuum tubes, photoelec- 
tric cells, reproducing sound on him, and the determination of the 
electron’s mass. 

CHAFFER XVII 

Electron -An Introduction (IJSOE 16min sd). Explains the 
nature of tlui electron and demonsli*ates electronic flow by means of 
animation. 


CHAPTER XVllI 

Oxidation and Reduction (EBF llmin sd). Shows examples of 
oxidation and reduction reactions especially with application to indus- 
trial processes. 

CHAPTER XIX 

Colloids (EBF llmin sd). Explains the characteristics of simple 
suspensions, emulsions, and colloids. 
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CHAPTER XIX 

Colloids (Rolab 30min si)* Demonstrates the many common forms 
of colloids and shows how to produce colloids artificially. 

CHAFFER XXI 

EHedrochemistry (EBF 11 min sd). Demonstrates the trails- 
forming of ('homical energy into electrical energy and tlie reverse 
proci^ss (electrolysis), and shows the application of thes(‘ proc^esses in 
the storage battery, el(‘ctroplating, electrorefining, and the production 
of chemicals. 

CHAPTER XXII 

Aliimiiiiim (EBF 15min si). Shows the mining, concentrating, 
and processing of aluminum. Some of the fabrication methods ar(‘ 
also show n. 

Ahiniiiium (OWl 9miu sd). A story of the manufacture of 
aluminum from tlu; bauxite ore to a finished fighting plane. 

Aluniiniiiii — INline to Alelal (Bur. Mines 30min si). Shows the 
proc‘-esses of mining, milling, and reducing bauxite ore and the principal 
uses of aluminum. 

Magnesium — Metal from the Sea (Bur. Mines 23min sd). Tht^ 
production of rnagiK^sium from sea water and tlie part that research 
(‘ngineers play in the process. 

Chemical EllTects of Electricity (EBF 15min si), (uves a bri(‘f 
story of electroplating and the equipment used. 

t:HAI»TER XXIII 

Primary Cell (EBF llniin sd). Explains the operation of the dry 
cell. 

CHAPTER XXV 

Alloy Steels — A Story of Their Development (Bur. Mines 
20min sd). Traces the development of alloy steels, alloy materials 
used, and the part played by the laboratory scientist in the develop- 
ment- of alloy steels. 

CHAPTER XXVI 

Alchemist in Hollywood (Solow 35min sd). Shows the chemical 
phase of the motion-picture industry by demonstrating the chemical 
reactions in the processing of motion-picture films. 

From Mine to Consumer — The Story of Anaconda (Am. 
Brass 30min si). Shows the mining and purifying of copper and the 
manufacturing of copper alloys. 
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CIIAJPTEK XXVI 

Copper Smelting (Bur. Mines ISrniii si). Shows the conversion 
of copper ore and concentrates into metallic copper. 

Copper Refining (Bur. Mines loinin si). Shows the conversion 
of the metallic copper into chemu'ally pure copp(*r. 

Mercury (Bra F llmin sd). Laboratory experiments showing its 
different uses are given. 


CHAPTEK XXVIl 

Iron Mining and Manufacturing (l^FS ISrnin si). Open-pit 
mining and the manufacturing of iron from the blast-furnac(‘ operation 
to the pouring of the castings. 

The Making and Shaping of Steel (Bur. Mines 70min si). Is a 
series of seven reels progressing from the pro(‘essing of raw materials to 
the making of steel and production of th(‘ various sit'd products. 

Steel — Man’s Servant (US Steel 38min C sd). (lives a story of 
the making of steel. 

Stainless Steel (Allegheny 2()min sd). The manufacturing prop- 
erties and uses of stainless steel are show n. 

C1L4ITER XXVIll 

Sulphur (Bur. Mines 20min si — sd). The story of the mining and 
processing of sulphur is shown. 

The Nitrogen Cycle (EBF ioinin si). Gives information about 
the nitrogen cycle and the various sources of nitrogen. 

Mining of Sulphur in the Gold Coast (Freeport Sulphur Co. 
18min si — sd). Shows the place of sulphur in modern life and the 
processes used in deep- well mining of sulphur. 

Story of Sulphur (Bra F llmin sd). liow it is obtained and 
experiments showing its chemical and commercial uses are shown. 

Structural Carbon and Graphite (Nat’l Carbon 32min si). 
Properties of carbon and graphite and tlie construction of an all-car- 
bon heat exchanger. 


CHAPTER XXIX 

Manufacturing Abrasives (Bur. Mines 22min si — sd). Shows 
the making of carborundum and the use of abrasives in manufacturing. 

Plant Food from Coal (By-product Ammonia 39min sd). Traces 
the history of nitrogen from the coal age to the modern by-product 
coking plant. 
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A Romance of Industry (Carborundum 20min sd). Discovery, 
production, fabrication, and applications of abrasive products. 

CHAPTER XXXII 

(Common Salt (EBF 15min si). Shows physical and (chemical 
pi ()p(Mi i(‘s of salt and tlie mining and refining processes. 

CHAPTER XXXV 

Evolution of the Oil Industry (Bur. Mines 60min si). Traces 
the developnient of the oil industry and shows the steps iii drilling, 
pumping, refining, and testing of oil. 

Oil for Aladdin’s Lamp (Sliell 29rnin sd). Describes the develop- 
ment of petroleum production in the research laboratory and tlu^ 
necessity for continued petroUaun research. 

Oil From the Earth (Slndl 20min sd). Shows tlie methods for 
loc ating oil and the drilling and refining processes. 

Petroleum and Its Products (Llniv. of Wis. lOrnin sd). Shows 
lh(‘ location of the oil fields in the world, methods of drilling, storing, 
and transporting petroleum. 

10,000 Feel Deep (Shell 2()iuin sd). Modern methods in prospect- 
ing and drilling for f)il. 

Petroleum and Its Uses (Bur. Mines 42rnin sd). Various uses of 
petroleum. 

CHAPTER XXXVI 

("hemical Ethyl Alcohol (DeFrenes 15min si). Shows how 
industrial alcohol is made. 

The Fourth Kingdom: The Story of Bakelite Resinoid 

(YMCA llOinin si — sd). Shows some of the basic chemical processe^s 
in t lie production of phenolic resinoid and some of the uses for Bakelite 
produ(*ts. 

Synthetic Rubber (Bur. Mines 2lmin sd). Shows the step- 
by-si (‘p processes involved in the transition of chemicals to synthetic 
rubber. 

FVeedom Rides on Rubber (YMCA 30min sd). \ short history 
of tlie development of the synthetic rubber industry. 

The Story of Gasoline (Bur. Mines 39min si). Explains oil 
refining by fractional distillation, cra(!king, and polymerization 
processes. 

Origin and Synthesis of Plastics Materials (USOK 20min sd). 

Masters of Afolecules (Texaco 35miri C sd). Modern refining of 
petroleum to produce high-octane fuels. 
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SOURCES OF FILMS LISTOD ABOVE 

Allegheny — Allegheny Ludlum Steel Corporation, Oliver Jhjilding, 
Pittsburgh. 

.\rn. Brass — American Brass Company, (icneral Sah^s Departrnenl, 
Waterbury, Conn. 

BFS — Bailey Film Service^ 404 North Goodwin Avenue, Frbana, III. 

Bra F — Brandon Films, Iru^, 1600 Broadway, New York 19. 

Bray — Bray Pictures Corporation, 729 Scventli Avenue, N(n\ York 19. 

Bur. Mines — U. S. Department of Interior, Bureau of Mines I'^xperi- 
ment Station, 4800 Forbes Street, I^ittsburgh, 13. 

By-product Ammonia, Education & Ucsearch Bureau, 5010 Broad 
Street, Columbus, Ohio. 

Carborimdum Company, Niagara Falls, N. Y. 

Castle — Castle Films, Inc., RCA Building, Rockefeller Center, iN(‘vv 
York 20. 

DeFrenes & Company, 1909-11 Buttonwood Stre(‘t, Philadelphia 30. 

EBF — Encyclopaedia Britannica Films, Inc., 1811 Broadway, New 
York 23. 

EPS “Edited Pk'tures System, Inc., 330 West 42nd Street, \(n\ York 
18. 

Freeport Sulphur Company, 1804 American Bank Building, New 
Orleans, La. 

Nat’l Carbon— National Carbon Company, Advertising Departnumt, 
30 l^ast 42nd Street, New^ York 18. 

OWI — Oflice of War Information, Bureau of Motion Pi<9un's, Wasli- 
ington 25, D. (\ 

Rolab Photo-Science Laboratories, Sandy Hook, Conn. 

Shell Oil Company, 50 West 50th Street, New York 20. 

Solow — Sidney Paul Solow, c/o Consolidated Film lndustri(^s, Holly- 
wood, Calif. 

Texaco — Texaco Company, 135 East 42nd Street, New York 18. 

I IS Steel — L. S. Steel Corporation, Advertising Department, 436 
Seventh Avenue, Pittsburgh. 

USOE — United Stales Office of Education (Obtainable from C.astle 
Films, Inc.). 

Univ. of Wis. — University of Wisconsin, University Extension Divi- 
sion, Bureau of Visual Instruction, Madison, Wis. 

YMCA — YMCA Motion Picture Bureau, 347 Madison Avenue, New 
York 17. 
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Abrasives, 378 
Absolute aloohol, 454 
Absolute Uuuperatiire scale» 57 
Absolute zero, 58 
A relie arid, 461 
Acetone, 160 
from wood, 475 
A(;etylene, 114 
aridity properties of, 445 
Aretylid<^s, 115 
Acheson f)roc(‘ss, 360 
Acid, acetic, 161 
ac(;tyl salicylic, 464 
benzoic, 461 
carbolic, 456 
chloric, 397 
chlorous, 397 
forlni(^ 161 
hydrochloric, 102 
hypochlorous, 395 
nietaphosphori(% 112 
rnetasili<*ic, 130 
nilrosyl sulfuric, 409 
orthosilicdc, 430 
f)erchIoric, 397 
phosphoric, 4 11 
picric, 456 
pyrophosphoric, 412 
salicylic, 463 
sulfuric, 406 
Acid anhydrides, 127 
Acid salts, 215 
ionization of, 216 
nomenclature of, 216 
Acid-base reactions, 249 
Acidic solutions, formation by electro- 
lysis, 267 

Acidity, elFective vs. total, 251 
Acids, amino, 482 
binary, 127 

commercial production of, 400 
disilicic, 430 
electrolysis of, 268 
normal solutions of, 136 
orgaiiic, 461, 476 
properties of, 126 


A(4ds, relative strengths of, 251 
solubility of, 227 
ternary, 127 
of halogens, 394 
trisilicic, 130 
weak, 212 

Active metals, production of, 271 
reduction by, 317 
Activity, chemi(;al, 159 
of ions, 2 1 0 

determination of degr(‘e of, 211 
Adsorj)lion, 237 
Air, coinjmsition of, 38 
li(fiiefa(‘ti<)n of, 69 
Al(‘x)hoIic fermentation, 486 
Al(H)bols, 152 
acidic j»r()perli(*s of, 156 
isojneric, 151 

primary and s(‘condary, 155 
Ald(4iydes, 458 
Alkali metals, 160 
cost of, 271 

melting temperatures of, 160 
prodmdioii of, 271 
properties of, 161 

Alkaline-<*arth medals, production e)r, 
273 

Allotro})ie^ forms, of carbon, 359 
of pho8f>honis, 365 
of sulfur, 370 

Allotropic modifications, 358 
Allotre)py, 43, 357 
Alloys, 321 

composition of, 325, 514 
corrosion of, 353 
nature of. 321 
properties of, 324 
table of, 325 
uses of, 324 

Alloy steels, comi)Osition of, 352 
Alpha particles, 168 
Alumina gel, 239 

Aluminum, production and uses of, 
275 

Amalgamation, 331 
Amalgams, 330 
Americium, 171 
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\rnine.s, primary, secondary, and ter- 
tiary, 466 
\mino acids, 482 
Ammines, 257 

\uimonia, production of, 380 
uses of, 382 

volatilization of from solutions, 381 
Ammonium hydroxide, produ(4ion of, 
414 

Ammonium salts, dissociation of, 381 
reaction with strong bases, 380 
Amplioteric elements, 159 
hydroxides, 255 
Analysis, 5 
qualitative, 5 
quantitative, 6 
Anglesite, 315, 334 
Anhydrous, 112 
Aniline, 467 
Animal, charcoal, 361 
fats and oils, 475 

Anions, electrolytic discdiarge of, 267 
Anode, 260 
Anthracene, 447 

Antiknock rating of gasolines, 490 
Appendix, 505 
Aqua ammonia, 414 
Aqueous, 112 
Arc process, 406 
Argentite, 331 
Argon, 43 
Arrhenius, S., 207 
theory of, 207 
Artificial radioactivity, 195 
Asbestos, 315, 430 
Asphalt, 470 
Aspirin, 464 

Atmospheric pressure, 54 
At/Orn, definition of, 11 
Atomic energy, 202 
Atomic numbers, 167, 169 
and periodic table, 170 
Atomic structure, and periodic tabh*, 
179 

Atomic theory, 9 
Atomic weights, approximate, 19 
exact relative, 19 
relative, meaning of, 21 
standard for, 17 
Atoms, absolute weights of, 21 
composition of, 174 
nature of, 175 
structure of, 167, 173 
diagrams, 176, 180 
Avogadro’s law, 79 
number, 22, 89 


B 

Bacteria, nitrogen-fixing, 361 
Bakelite, 502 
Baking powdtT, 428 
Barite, 315 
Barometer, 5 4 

Bases, commercial production of, 400 
electrolysis of, 269 
formation of, 128 
normal solutions of, 137 
properties of, 128 
relatives strength of, 162, 251 
soliibilit> of, 227 
weak, 213 
Basic oxides, 129 
Basic salts, 217 

Basic solutions, formation of by elec- 
trolysis, 267 

Batteries, charging of, 292 
disrdiarge of, 292 
practi(5al, 291 
voltage of, 291 
Battery, dry cell, 295 
Edison storage, 295 
lead storage, 293 
Battery cells, 284 
construction of, 290 
production of, 285 
Bauxite, 275, 314 
Beccfuerel, A. 11., 168 
Benzaldehyde, 459 
Benzene, 445 
Benzoic acid, 461 
Beryl, 315, 130 
Berzelius, J. J., 25 
Bessemer, converter, 347 
process, 347 
Beta particles, 168 
Betts process, 335 
Binary compounds, 43 
Bismuth, 340 
crystal structure of, 76 
Blast furnace, operation of, 343 
Bleaching })owder, 396 
Blister copper, 328 
Block tin, 337 
Boiler scale, 424 
Boiling, 7 

Boiling temperature, 72 
elevation of, 116 
Bonds, double, 435 
single, 435 
triple, 436 
Boneblack, 361 
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Borniie, 327 
Bosch process, 98 
Boyle’s law, 55 
application of, 56 
Brimstone, 368 
Bromine, 388 

extraction from sea water, 389 
Bromobenzeiu's, 116 
Brpnsted, J. !\., 250 
theory of, 219 
Brownian movement, 236 
Buna rubbers, 501 
Butadiene, 50] 

By-product hydrochloric acid, 103 
C 

Cadmium, 310 
Calamine, 338 
Calcitc, 120 
(adcium, carbide, 379 

carbonabs decomposition of, 120 
firodiiction of, 119 
uses of, 120 

fluorid(‘, crystal stnadure of, 76 
hydroxid(*, j)roduction of, 113 
("algon, 112, 129 
(Caliche, 126 

Calculations, based on ccjuations, 32 
cluanical, 30 
("alorjiel, 331 
("alorie, definition of, 15 
Cannizzaro, S., II 
Carbides, 377 
Carbohydrates, 179 
(airbolic acid, 456 
Carbon, 359 

allotropic forms of, 359 
amorphous, 361 
atoms, modes of union f)f, 131 
black, 362 

dioxide, preparation of, 37 I 
properties of, 375 
uses of, 376 
disulfide, 377 
monoxide, 373 
poisoning, 371 
properties of, 374 
oxides of, 373 
reduction by, 317 
suboxide, 373 
tetrachloride, 451 
Carbonate minerals, 314 
Carbonates, 419 

solubility product values for, 513 
Carbonyl group, 459 


(^arlx>runduiu, 378 
Carboxyl group, 461 
Camallite, 315, 386 
Cassiteriie, 314, 337 
Cast iron, 345 
Cast rier- Kellner cell, 282 
C.atalysis, 39 

a[)plications of, 10 
influeiKMMipon equilibria, 118 
Catalysts, hydrogenation, preparation 
of, 493 

(Nations, electrolytic discharge* of, 267 

Cathode, 260 

Celanese, 499 

Cells, electrolytic, 259 

Cellulose, 482' 

(’ementation proe^jss, 350 
("entigrade temperature, 18 
(-(THinic industries, 131 
(’erargyrite, 33 J 
('(‘iMissitc, 31b 331 
C.esium, uses of, 272 

('esium chloride, crystal stnu^turc* of, 
76 

Chalcocite, 311, 327 
(ihah'olitc, 315 
(dmicopy rib*, 31 I, 327 
(4iang<*, physical and chemicfil, 6 
Charles' law, 58 
appli(‘afion of, 59 
Chemical acti\ it\, 159 
(dicmie-al <*c;on()niics, 101 
C'hemical equilibrium, 1 11 
Chemi(';al processes, developmenl of, 
100 

Chemical reatdion, dcfinilion of, 8 
Cheujicals, from coal tar, 172 
common names of, 516 
market prices of, 518 
organic synthetic, 488 
from petroleum, 470 
Chemistry, analytical, 2 
definition of, 1 
inorganic, 1 
nuclear, 194 

organic, 2, 433, 450, 469, 188 
physical, 2 
Chile saltpeter, 427 
Chloric acid, 397 
Chlorides, 416 

solubility product values for, 513 
Chlorine, 387 
Chloroform, 451 
Chloroprene, 500 
Chlorous acid, 397 
Chromite, 315 
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Chromiuni, 340 
Cinnabar, 314, 329 
Claude process, 69 
Coagulation of colloids, 239 
Coal, 471 

Coal tar, cheniiciils from, 472 
Coke, 361 
Colloid, 103 

Colloidal particles, dimensions of, 231 
kinetic energy of, 236 
Colloids, 230 

appli(;a lions of, 2 11 
coagulation of, 239 
elc(;trical properti<\s of, 237 
nature of, 230 
preparation of, 233 
prof)erties of, 23r) 
protective, 211 
purification of, 235 
and solutions, 230 
types of, 232 

(k)mbining volumes of gases, 80 
Combining weights, r<4ative, 18 
Combustion, 43 
Common ion effect, 211 
utilization of, 215 
Common names of chemicals, 516 
Common solvents, 112 
Complex ions, 256 
Composition, eutectic, 323 
of atoms, 174 
Compound formation, 183 
Compoimds, 5 
binary, 43 

of nfl^imetallic elements, 373 
comparison of organic and inorganic, 
438 

covalent, 183, 185 
electrolytic production of, 280 
of halogens, 386 
intermediate types of, 187 
intermebillic, 322 
ionic, 183, 184 
isomeric, 437 
organic halogen, 450 
percentage composition of, 32 
Concentrated solutions, 105 
Concentration, 19 

methods of expressing, 145 
molecular, 145 
of solids, 145 
Condensation, 7, 233 
Conductance, and dilution, 207 
Conduction of electricity by solutions, 

206 

Conductors of electricity, 205 


Contact process, 406 
Copper, electrolytic refining of, 276 
important compounds of, 328 
occurrence of, 327 
matte, 328 
metalhu’gy of, 327 
uses of, 328 
Copperas, 354 

Corrosion, of metals and alloys, 353 
theories of, 353 
Cost of chemicals, 518 
Cottnill process, 241 
Coulomb, 264 
Covalence, 188 

Covalent compounds, 183, 185 
structure of, 1 86 

Cracking of petroleum products, 186 
Oith^al, pressure, 68 
temperature, 68 
Crocoite, 315 
Crowfoot battery, 292 
Crucible process, 350 
Cryolite, 275, 386 
Crystalline solids, 75 
Crystallization, fractional, 1 1 2 
Crystals, mixed, 321 
Crystal structure, of diamond, 356 
of graphite, 360 
Crystal systems, 75-76 
Cubic centimeter, 55 
Cupellation, 332 
Curium, 171 
Cyanamide process, 382 
Cyclic hydrocarbons, saturated, 412 
unsaturated, 417 
Cyclotron, 197 

D 

Dakin’s solution, 282 
Dalton, John, 10 
Dalton’s law, 59 
Daniell cell, 286 

Debye and Hiickel, theory of, 206 
Deliquescemie, 115 
Deltas, formation of, 241 
Density, of gases, 62 
Derivatives of hydrocarbons, 450 
Destructive distillation of wood, 361 
Detergent soaps, 494 
Deuterium, 190 
oxide, 190 
Deuterons, 196 

Development of chemical processes^ 400 
Dialysis, 235 
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Diamond, 359 
crystal structure of, 359 
Dichlorobenzenes, 452 
Diffusion, of gases, 62 
rat4? of, 63-64 
Dilute solutions, 105 
Disilicic acids, 430 
Dispersed phase, 232 
Dispersion, 234 
medium, 232 

Distillation, fractional, 116 
of p<;troleum, 470 
Dolomite, 314, 419 
Double bonds, 435 
Downs cell, 272 
Dreft, 495 
Dry cell, 295 
Dry Ice, 376 
Ductility, 319 

Du Long and Petil, law of, 19 
Duprene, 500 
Dyes, 490 

Dynamic equilibrium, 72, 106, 142 
approach to, 143 

E 

Econonii(;s, chemical, 101 
Edison storage battery, 295 
Electrical conductors, of first class, 205 
of second class, 205 
Electric-furnac^e process, 350 
Electricity, tjonductors of, 205 
Electrochemical processes, industrial, 
271 

Electrode potentials, 287 
measurement of, 288 
table of, 289 
Electrodes, 259 
Electrolysis, 259 
of acids, 268 
of bases, 269 
broad aspects of, 261 
equations for, 261 
Faraday’s laws of, 263 
of fused salts, 269 
of siilt solutions, 267 
of sodium bromide, 266 
of water, 265 
of zinc chloride, 260 
Electrolytes, 206 

effect of upon properties of solvents, 

211 

intermediate types of, 215 
strong, 206, 214 
weak, 206, 212 
ionization of, 243 


Electrolytic cells, 259 
Electrolytic reduction, 317 
Electronic orbits, 175 
Electrons, 168 
loss and gain of, 183 
maximum number in orbits, 177 
sharing of, 183 
Elex*4Toplating, 277 
Eiectrovalence, 188 
Elemental gas molecules, 187 
Elements, allotropic modilications of, 
42 

amphoteric, 159 
classification of, 152 
definition of, 4, 192 
85 and 87, 200 
electronegativity of, 358 
introductory, 159, 163 
Mendel yeev classifi(;ation of, 153 
naturally occurring isotopes of, 510 
non metallic, 357 
compounds of, 373 
number of, 4 

physical properties of, 508 
radioactive, 191 
rare earth, 160, 182 
recently discovered, 171 
transitional, 160, 179 
transmutation of, 194 
valence of, 96 
Emulsifying agents, 240 
Emulsions, 240 
Emulsoids, 233 
coagulation of, 240 
Endothermal reactions, 45 
End point, 130 
Energy, atomic, 202 
forms of, 45 
kinetic, 45 

of colloid particles, 236 
Enzymes, 484 
Epsom salt, 315 
Epsomite, 315 
Equations, 28 

calculations based on, 32 
information not provided by, 30 
information provided by. 29 
for oxidation-reduction reactions, 302 
writing of, 220 
thermochemical, 45 
writing of, 29, 97 
Equilibria, ionic, 243 
Equilibrium, chemical, 141 
constant, 148 
meaning of, 150 
use of, 150 
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i^Aiaili brill III, dynmnic, 72, 142 
Esilers, 463 

as artificial flavors, 465 
glyceryl, 477 
naturally occurring, 476 
Ethanol, 454 
Ethers, 456 
Ethyl alcolu)!, 454 
Ethylene, 443 
Eth\len(‘ glycol, 155 
Eutectic, 322 
composition, 323 
diagram, 323 
temperature, 323 
Evaporation, 7 
Exothermal rt^actions, 45 
Explosion, 427 
Explosives, nitrate, 427 

F 

Fahrenheit temperature, 47 
Faraday, M., 264 
Faraday’s laws, 263 
Fats, animal and vegi'lable, 475 
composition of, 477 
hydrolysis of, 477 
substitutes for natural, 493 
Fermentation, alcoholic, 486 
Ferrosilicon, 362 
Fertilizers, nitrate, 427 
phosphate, 128 
superphosphate, 429 
Fibers, natural, 498 
synthetic, 498 
Film, photographic, 333 
developing of, 333 
exposure of, 333 
fixing of, 334 
printing of, 334 
Fire extinguishers, 376 
Fission, nuclear, 201 
Fixation of atmospheric nitrogen, 363 
Flotation of ores, 316 
Fluorapatite, 386 

Fluorine, electrolytic production of, 279 
Fluorspar, 280, 386 
Flux, 270 
Foods, 479 
Formaldehyde, 458 
Formalin, 458 
Formic acid, 461 
Formulas, 27 
establishment of, 30 
meaning of, 27 

from percentage <?omposition, 30 


Formulas, si/npJest, 30 
structural, 437 
true, 31 
types of, 436 

Fractional crystallization, 1 1 2 
F’ractional distillation, 116 
of petroleinri, 470 
Franklinite, 31 t, 338 
Frasch proc(\ss, 368 
Freezing, 7 
mixtures, 119 
temperature, 73 
lowering of, 118 
FrtH)n, 452 

Fuming sulfuric acid, 383 
Fundamental particles of uiat ter, 173 
Fusion, 7 

(i 

Galena, 31 1, 334 
Galvanizing, 35 I 
Gamma ra\s, 168 
Gases, absoliitii d(‘nsity of, 62 
combining volumes of, 80 
dilfusion of, 62 

inert, structure and ])r(>p(M ti«5s of, 182 
liquefaction of, 67 
physicid pro{>ertics of, 507 
regular behavior of, 52 
relative density of, 63 
Gas laws, nature of, 54 
Gas molecules, composition of, 81 
Gas volumes, measurement of, 60 
Gasoline, 470, 488 

antiknock rating of, 190 
from cracking processCvS, 189 
Gay-Lussac’s law, 80 
Gels, 233 

Genetic relationships, 465 
Glassnmker's soda, 423 
Glucose, 480 
Glycerine, 455 
Goldschmidt process, 317 
Graham’s law, 63 
Grain alcohol, 153 
Gram, 14 

Gram-molecular volume, 85 
Graphite, 360 
crystal structure of, 360 
production of, 360 
Gravity cell, 292 
Gypsum, 315 

H 

Haber process, 381 
Half-cells, 291 
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Half-life period, 192 
Hall, C. M., 275 
Hall process, 275 
Halogen family, 586 
properties of, 162 
Halogenide iniiKjrals, 515 
Hjilogens, conipounds of, 586 
(ilectroly tic production <jf, 279 
hydrogen compounds of, 591 
occairrence of, 586 
oxygen compounds of, 594 
preparation of, 587 
ternary oxygen ncids of, .594 
llampson {)roc(‘ss, 69 
Hardness in natural waters, 425 
Heat, distinction from t,(m»perature, 17 
Heavy metals, 527 
Heavy wat(‘r, 190 
Helium, firoduction and uses of, 44 
Helium atom, structure of, 176 
ihiinatite, 511, 512 
Henry’s law, 109 
lk‘t(a‘og(‘n('ous, 9 
Homog(‘mM)us, 9 
Homologous s('ri(3s, 140 
Hormomvs, 186 
Horn silver, 515, 551 
Hydrate, 125 
Hydration, 125 
Hydridt'.s, 99 
of metals, 521 
Hydroiuirhon radicids, 448 
Hydrocarbons, 155, 159 
cyclic saturated, 1 12 
unsat urat(;d, 147 
derivatives of, 150 
isomeric saturated, 411 
paraOin, 159 

saturated, boiling temperatures of, 
111 

unsatiirated, 415 

Hydrochloric acid, by-prodiud, 105 
production of, 402 
j)roperties and uses of, 105 
Hydrogen, (jhemical behavior of. 99 
commercial production of, 98 
electrolytic production of, 279 
laboratory preparation of, 91 
physical properties of, 99 
reducing action of, 100 
uses of, 101 

Hydrogen atom, structure of, 176 
Hydrogen compounds, of halogens, 591 
Hydrogen electrode, 288 
Hydrogen halides, preparation of, 592 
properties of, 595 


Hydrogen ion index, 252 
Hydrogen ions, effective concentration 
of, 252 

Hydrogen p(;roxide, 520 
Hydrogenation, 101, 195 
Hydrolysis, 216 

of fats and oils, 477 

of salts, 248 

and salt ly[)es, 248 ‘ 

Hydronium ion, 250 
Hydroxides, amphoteric, 255 
ionization of, 256 
solubility product values for, 513 
TIygroscoj)ic, 115 
Hypochlorous acid, 595 

1 

Tee, manufacture of, 75 
Ic^eal gas, 61 
Indh^ators, 150 

pIT range and (U)lors of, 507 
Indigo, 191 

lndu.strit‘s, (ceramic;, 151 
Inert gases, 182 

f)rodu(;tion and uses of, 45 
Inhibitors, 10 

Tn1(‘rmetallic comj)Ounds, 522 
Introductory elements, 159, 165 
Iodine, 590 

sublimation of, 7 
tincture of, 591 
Ion product constant, 244 
Ionic compounds, 185, 184 
structun* of, 185 
Ionic equilibria, 245 
Ionization, 205 
degree of, 210 
of weak Hectrolytc‘s, 243 
Ionization constant, 213 
ions, 75, 181, 208 
complex, 256 

discharge from solutions, 265 
migration of, 265 
relative speeds of, 265 
transport of, 262 
Iron, magnetic oxide of, 342 
metallurgy of, 545 
occurrence of, 312 
ores of, 342 

properties and uses of, 345, 351 
and steel, 342 
varieties of, 345 
Isoflieric alcohols, 454 
Lsomeric compounds, 437 
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Isomeric saturated h^^drocarbons, 441 
number of, 442 
Isomerism, 437 
Isomers, of butane, 437 
Isotonic solutions, 121 
Isotopes, 139 

abundance of, 510 
of chlorine, 190 
of the elements, 510 
of hydrogen, 191 
mass numbers of, 510 
of nitrogen, 190 
radioactive, uses of, 203 

J 

Javelle water, 232 
Jellies, 233 

K 

Kainit(i, 386 
Kaolin, 430 
Kerosene, 470 
Ketones, 459 
Kilogram, 14 
Kinetic energy, 45 
of gas mole(;ules, 53 
Kinetic-molecular theory, 53 
Krypton, 43 

L 

Laboratory research, 401 
Lamp black, 362 
Laughing gas, 383 
Lavoisier, A. L., 13 
Law, of Avogadro, 79 
of Boyle, 55 
of Charles, 58 

of conservation of energy, 45 
of constant composition, 191 
of Dalton, 59 
of definite proportions, 6 
of Du I^ng and Petit, 19 
of Faraday, 263 
of Gay-Lussac, 80 
of Graham, 63 
of Henry, 109 

of indestructibility of matter, 8 
of mass action, 146 
of multiple proportions, 15 
periodic, 154 
Lead, bullion, 335 

important compounds of, 336 
metallurgy of, 334 


D'ad, occurrence of, 331 
uses of, 336 

Lead dioxide, decomposition of, 39 
Lead storage battery, 293 
Lead-(4iand)er process, 408 
LeBlaiic process, 422 
Length, units of, 505 
Lignin, 482 
Lime kiln, 420 
Lime-soda process, 425 
Liiiieston<i, 419 
Lirnonite, 312 
Lind(^ process, 69 
JJquefaction, 7 
of gases, 67 
Liquid air, 38 
liquids, 70 
miscihh', 107 
molecular weights of, 121 
liter, 55 

Lithium atom, structure of, 177 
Lithopone, 339 
Lubricating oils, 470 
Lunar caustic, 333 

M 

Magnesium, f)rodu(4i()n and uses of, 2 
Magnetite, 312 
Malachite, 314, 327 
Malleability, 319 
Manganese, 340 

dioxide, decomposition of, 39 
Marble, 420 
Marsh gas, 439 
Mass action, law of, 146 
Matches, 367 
Matter, classification of, 2 

dimensions of particles of, 232 
Melting, 7 

temperature, 74 

Membranes, semipermeable, 119 
Mendciyeev, D. L, 154 
Mercuric oxide, decomposition of, 39 
Mercury, arnmoiiiated, 331 
bichloride of, 331 
crystal structure of, 76 
fulminate of, 331 
important compounds of, 331 
metallurgy of, 329 
occurrence of, 329 
purification of, 330 
Metal ammines, 257 
Metallic luster, 319 
Metalloids, 157 
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Metallurgy, 315 
of copper, 327 
of iron, 343 
of lead, 334 
of iiiercairy, 329 
of silver, 331 
of tin, 337 
of zinc, 338 
Metals, t, 157 
abundance of, 313 
active, prodii(4jf>ii of, 271 
alkali, 160 

production of, 271 
alkaline-earth, production of, 273 
and alloys, 313 
availability of, 313 
(dieiiiical j)ro})er1ies of, 320 
corrosion of, 353 
extraction from ores, 315 
liardness of, 319 
heavy, 327 
hydrides of, 321 
native, 31 I 
(Kxairrence of, 313 
order of activity of. 93 
oxidi^s of, 320 
pbysi(;al properties of, 319 
protective coatings of, 354 
relining of, 319 
Metaphosphat(‘s, 129 
Metaphosphoric acid, 112 
Metasilicic acid, 130 
Metathetical ri'acdions, 223 
Methanol, 153 
synthetic, 192 
Methyl alcohol, 153 
Methyl orange, 492 
Mica, 315, 130 
Milligram, 14 
Milliliter, 55 
Millimicron, 232 
Minerals, 314 
Miscible licpiids, 107 
Mixed crystals, 321 
Mixtures, 9 

formed b\ oxidation-rediu^tion reac- 
tions, 307 
freezing, 119 
Moissan, H., 387 
Molal solutions, 106 
Molar solutions, 106 
Mole, 27 

Molecular concentration, 145 
Molecular weights, calculation of, 86 
determination of, 83, 121 
from formulas, 28 


Molecular weights, of liquids and solids, 
89 

of oxygen, 82 
Molecule, definition of, 11 
Molecules, elemental gas, 187 
relative weights of, 22, 79 
Moseley, IT. G. J., 170 
Muriati(^ acid, 403 

N 

Naphthalene, 447 
Native inetals, 314 
Natron, 422 
Natural fibers, 498 
Natural gas, 169 
Nelson cell, 281 
Neon, 43 
Neoprene, 500 
Neptunium, 171, 200 
Neutralization, 129, 223 
quantitative a spends of, 136 
Neutron, 171 
Nie*kel, 310 
Ni(‘uv\land, J. V., 199 
Niter ae id, 110 
Niter cake, 105 
Nitrate explosivt^s, 127 
Nitrate fertili/(‘rs, 127 
Nitrates, production and uses of, 426 
Nitric acid, oxidation by, 303 
produedion of, 101 
redutdion produe ts of, 301, 307 
uses of, 106 
Nitrid<3s, 365 

hydrolysis of, 381 
Nitrogen, 363 

fixation e)f atiue)spheric, 363 
oxidcis of, 382 
})reparation of, 363 
properties and uses of, 365 
Nomene'lature, of aeuds, 133 
of ae'id salts, 216 
of bases, 132 

of binary compounds, 131 
improveel system of, 134 
of minerals, 314 
of salts, 131 
Nonelectrolyte^s, 206 
Nonmetals, 4, 157 
binary compounds of, 373 
• chemical properties of, 358 
electrolytic production of, 279 
physical properties of, 357 
Nonresinous wood, 474 
Normality and pH, 253 
Normal salts, 217 
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Normal solutions, 136 
equivalence of, 137 
preparation of, 138 
Nuclear chefuistry, 194 
Niulear fission, 201 
Nuclear re.a(4ions, 197 
characteristic's of, 198 
Nuclear Iransforinations, 196 
Nucleus of atom, 175 
Numbers, atomic, 167, 169 
Nylon, 199 

O 

c7s(>-Octane, 490 

Oils, animal and v egetable, 475 
composition of, 177 
hvdiolysis of, 477 
Oleum, 383 

Open-hearth process, 348 
Ores, 311 

concentration of, 316 
dotation of, 316 
of iron, 312 
roasting of, 316 
smelting of, 317 
types of, 314 
Organic acids, 161 
glyceryl esters of, 477 
Organic chemistry, 133, 150, 469, 488 
Organic compounds, ocxMirrtmce of in 
nature, 469 

Organic halogen compounds, 450 
Organic materijds of natural origin, 469 
Orthoclase, 130 
Ortho{)hosphates, 128 
Orthosilicic acid, 430 
Osmosis, 119 

applications of, 121 
Osmotic pressure, 120 
Ostwald process, 404 
Oxidation, 13 
definition of, 219 
by nitric a<4d, 303 
and reduction, 398 

extent of occurrence of, 299 
states of, 298 

Oxidation-reduction reactions, 218 
characteristics of, 219 
equations for, 302 
predictions relative to, 308 
Oxide, definition of, 43 
Oxide minerals, 314 
Oxides, basic, 129 
of carbon, 373 
double, 320 


Oxides, of metals, 320 

of nitrogen and phosphorus, 382 
of sulfur, 383 
Oxidizing agent, 219 
Oxidizing agcmts. comiuoii, 309 
Oxygen t'oiijpounds of halogens, 394 
Oxygen, electrolytic production of, 279 
molecular weight of, 82 
preparation of, 38 
prop<Tlies of, 41 
uses of, 41 
Ozone, 42 

P 

Para (Tin, 470 

hydrocarbons, 439 
Parafor rn al d e h y d e , 158 
Parargyrile, 331 
Paris gr(‘(m. 328 
Parkes process, 332, 335 
l^irticles, alpha and beta, 168 
colloidal, dimensions of, 231 
of matter, fundamtuilal, 173 
Peptization, 231 

Per(;entage composition from hainulas, 
32 

Perchloric acid, 397 
Periodica law, 151, 171 
Periodic table, and atomic structure, 
179 

of Clark, 173 
diflerent forms of, 173 
general relations of, 157-158 
of Harkins and TTall, 172 
horizontal periods of, 159 
improved form of, 181 
of Mendelyeev, 155 
modern Mendelyeev type, 156 
shortcomings of, 165 
and valence, 188 
value of, 161 
vertical groups of, 160 
Perkin, VV. 11., 191 
Permanent hardness, 425 
Peroxides, 320 
structure of, 320 
test for, 321 
Petroleum, 469 
refining of, 470 
pH, 252 

relation to normality, 253 
Phases, 232 
Phenols, 452, 455 
acidic properties of, 456 
Phosphate fertilizers, 428 
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Phosphate rock, 365 
Phosphates, production of, 428 
Phosphor bronze, 366 
Phosphoric acid, production and uses 
of, 411 

Phosphorite, 365 

Phosf)horus, allotropic forms of, 365 
oxides of, 382 

preparation and uses of, 366 
red and viohd, 366 
white and yellow, 365 
Photof'rayjhy, 333 
Ptiysi(^al state, chaiif^es in, 7 
Pickling of iron and steel, 354 
Pig iron, 3 15 
Pinene, 473 
Plasti(‘s, 502 
Platinum, 310 
Plutonium, 171, 201 
Positron, 195 

Potassium, clilorale, (h^comy)osition of, 
39 

hydroxide', production of, 113 
nitrate, dee^omymsition of, 39 
Pri'e ipitation, accomplishment of com- 
yilete, 254 
partial, 246 
rea(4ions, 253 
Pressure, atniosph(;ric, 5 1 
critical, 68 

influeiice on gas eeyuilihria, 1 17 
measurc'rnent of, 5 I 
osmotie^ 120 
partial, of gasexs, 60 
standard, 60 
Prestoae, 455 
Priestley, J., 37 
Process, A(;heson, 360 
arc, 106 
Bessemer, 347 
Betts, 335 
Bosch, 98 
cementation, 350 
Claudt', 69 
contact, 406 
Cottrell, 241 
crucible, 350 
cyanarnide, 382 
electric-furnace, 350 
Frasch, 36B 
Goldschmidt, 317 
Haber, 381 
Hall, 275 
Hampson, 69 
lead -chamber, 408 
Le Blanc, 422 


Process, lime-soda, 425 
Linde, 69 
open-hearth, 348 
Ostwald, 404 
Parkes, 332, 335 
Schoop, 354 
Solvay, 420, 422 
zeolite, 425 

Process development, 401 
Processes, electrochemical, 271 
vital, 241 
Properties, 4 
of colloids, 235 
Protective colloids, 241 
Proteins, 482 
Proton, 174 
Proustitc, 331 
Pyrite, 312 

crystal stru(^ture of, 76 
Pyrolusite, 314 
Pyrophosphates, 429 
i^yrophosphoric acid, 412 

Q 

Quicklime, 420 
Quicksilver, 330 

R 

Radi(uds, 91 
hydrocarbon, 148 
valence of, 96 
Radioactive elements, 191 
Radioactive isotopes, uses of, 203 
Radioactivity, 167 
artificial, 195 
Radium, 192 

Rare-earth elements, 160, 182 
Rates of reaction, 142 
Rates of solution, 110 
Rayon, 498 
Rays, gamma, 168 

Reaction rate, dependence upon tem- 
perature, 49 

Reactions, acid-base, 249 
completion of, 143 
of concentiated sulfuric acid, 300 
decomposition cf compounds, 222 
direct union of elements, 219 
displacement, 221 
endothermal, 45 
exothermal, 45 
factors that influence, 144 
metals and acids, 94 
metathetical, 223 
occurrence of, 225 
neutralization, 223 
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Reactions, nuclear, 197 
oxidation reduction, 218 
precipitation, 253 
rates of, 49, 142 
reversible, 141 
between salts, 225 
salts and bases, 224 
types of, 218 
Recrystallization, 111 
lleducinj? agents, 219 
cotnnion, 309 
strength of, 301 
Rcduc4ion, 100 

by active metals, 317 
by carbon, 317 
dermition of, 219 
elecitrolylic;, 317 
Refrigerants, 74 
Relationships, genetic, 465 
Resinous wood, 473 
Resins, synthetic, 502 
Retarders, 10 
Reversible reactions, 141 
Roasting of ores, 316 
Rock salt, 315 
Rosin, 473 

Rubber, synthetic, 500 
Rutherford, K., 174 

S 

Sal soda, 423 
Salt cake, 103 
Salts, 91 
acid, 215 
basic, 217 
of chloric acid, 397 
of chlorous acid, 397 
commercial production of, 416 
electrolysis of, 267 
format ion of, 130 
fused, elet;trol ysis of, 269 
of hypochlorous acid, 395 
normal, 217 

solutions of, 137 
of perchloric acid, 397 
of silicic acids, 430 
solubility of, 227 
utilization of, 416 
as weak electrolytes, 213 
Saponification, 478 
Saturated solutions, 105 
Scheele, K. W., 38 
Schoop process, 354 
Science, method of, 2 
Semipermeable membranes, 119 
Serpentine, 430 


Sherardizing, 351 
Siderite, 311, 342 
Silica, 380 
Silica gel, 239 
Silicate miiuTals, 315 
Sili(5at<\<, 380, 430 
suicides, 363 
Silicon, 362 
carbide, 378 
dioxide, 379 
monoxide, 379 

pre})aration and {H’operties of, 362 
Silver, octairreni'c and metallurgy of, 
331 

uses of, 333 
Singh‘ bonds, 135 
Slag, 315 
Slaked lime, 420 
Smelting of ores, 317 
Smithsonile, 338 
Smoke al)at(‘ment, 241 
Soap, detergent, 191 
manufacture of, 178 
Soda, 122 
Soda ash, 423 
Soda brine, 422 

Sodium, bromide, ele<4rolysis of, 266 
carbonate, prodiu^tion of, 282. 422 
uses of, 423 
chloride, 6 

(crystal structure of, 76 
f)rodu(44on of, 116 
uses of, 418 

hexametaphosphaUi, 412, 429 
hydrogen ('arl)onat(% production of, 
120 

hydroxide, production of, 280, 413 
hypochlorite, production of, 282 
salicylate, 463 
silicate, 431 
uses of, 272 
Solid solutions, 322 
Solidification, 7 
Solids, 7 i 

amorphous, 77 
concentration of, 145 
crystalline, 75 
molecular weights of, 121 
purification of, 111 
Solubility, 107 

of acids and bases, 227 
factors which influence, 107 
of gases in liquids, 108 
rules of, 227 
of salts, 227 
of solids in liquids, 109 
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Solubility product, 25'1 
constant, 254 

table of values of, 515 
Solution, rate of, 109 
Solutions, classification of, 105 
composition of, 104 
concentrated, 105 
dilute, 105 
isotonic, 121 
niolai, 106 
molar, 106 
nalure of, 103 
normal, 136 
saturated, 105 
solid, 322 
standard, 106 
t>pcs of, 104 
Solvation, 123 
Solva^ process, 420, 422 
Solvent, of (Tystallization, 123 
Solvents, (common, 112 
Sorensen, S, P. L., 252 
Specific gravity, 63 
Specific heal, 19 
S{)fialerite, 31 1, 333 
Spiegt4eisen, 318 
Spontaneous combustion, 13 
Standard solutions, 106 
S. T. P., 60 
Starch, 182 
Steel, alloys of, 352 
production of, 317 
Storage batt(‘rios, 291 
Strong electrolytes, 206, 214 
degree of activity of, 211 
Strontiaiiilc, 311 
Structural fornuilas, 137 
Structure of atoms, 167, 173 
Sublimation, 7 
Sucrose, 181 
Sugars, 179 
Sulfate minerals, 315 
Sulfates, solubility prodm't values for, 
513 

Sulfide minerals, 311 
Sidfidcs, solubility product values for, 
513 

Sulfur, 367 

alio tropic forms of, 370 
amorphous, 370 
dioxide, 383 
flowers of, 370 
mining of, 367 
raonoclinic, 370 
occurrence of, 367 
oxides of, 383 


Sulfur, production data,, 370 
rhombic, 370 
uses of, 371 

Sulfuric a(;id, concentrated, reactions of, 
300 

fuming, 383 
production of, 106 
reduction products of, 301 
uses of, 1 1 1 
Surface tension, 70 
Suspensions, 103 
Siisp<iiis^)ids, 233 
coagulation of, 239 
mutual i)recij)itation of, 239 
Sylvite, 315 
Symbols, chemical, 26 
of common elements, 26 
meaning of, 26 
Synthesis, 5 
Synthetic fibers, 198 
Syntheli<5 methanol, 192 
Synthetic organic chemicals, 188 
Synthetic resins and plasties, 502 
Syrilhelic rnh}>er, 500 
Svrithelic vitamins, 195 

r 

Temperature^ ahsohite, 57 
boiling, 72 
centigrade^ 18 
and chemie^al change, 18 
eTitiejal, 68 

distinetiem from heat, 47 • 

<*uteM4ie., 323 
Fahrenheit, 17 
freezing, 73 

inllueiu'e upon equilibria, 147 
iiieasuremicut of, 17 
melting, 74 
and solubility, 107 
standard, 60 
units e>f, 505 

Temperature scales, conversion. 48 
Temporary hardnciss, 424 
Theory, of Arrhe^nius, 207 
of Br0nsted, 249 
of corrosion, 353 
of Debye and Hiickel, 209 
kinetic-molecular, 53 
Thermite welding, 318 
Thermochemical equations, 45 
Thermochemistry, 45 
Thermometer, 47 
Thermonatrite, 422 
Thiokol, 502 
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Tin, metallurgy, of 337 
occurrence of, 337 
uses of, 338 
Tin plate, 355 
Tincture of iodine, 391 
Titration, 130 

Transitional elements, 160, 179 

Transiiiutation of elements, 191 

Triple bonds, 436 

Trisilicic acids, 430 

Tritium, 191, 199 

Trona, 420, 422 

True solution, 103 

Tur[)entine, 473 

Tyndall cone, 236 

Tyndall effect, 236 

Types of reactions, 218 

1 ) 

IJnsaturated hydrocarlxms, 413 
Uranium decay series, 192 

V 

Valence, 91 
apparent, 299 

of elements and radicals, 96 
and periodic table, 188 
variable, 188 
Vapor pressure, 71, 75 
lowering of, 114 
of water, 506 
Vaporization, 7 
Vaseline, 470 

Vegetable fats and oils, 475 
Vermilion, 331 
Viscose, 198 
Viscosity, 71 
Visual aids, list of, 521 
Vital processes, 241 
Vitamin C, 197 
Vitamins, 181 
synthetic, 195 
table of known, 485 
Volatilization, 7 
Volume, gram-molecular, 85 
measurement of, 55 
units of, 505 

VV 

Water, chemical treatment of natural, 
423 


Water, of crystallization, 124 
decomposition of, 38 
electrolysis of, 265 
heavy, 190 
softtming of, 123 
vapor })r(‘ssijrt‘ of, 506 
as weak el(^(^t rolyte, 214 
Water gas, 98 
Water glass, 130 
Wave length, 169 
Weak electrolyles, 206, 212 
ionization of, 213 
Weight, measurement of, 13 
units of, 1 I, 505 
Weights, gram -atomic, 27 
gram-molecailar, 27 
Welding, by thermite process, 318 
\\ hite lead, 336 
Willemil«‘, 315, 338 
Wohl(‘r, I'., 133 
Wolfram, 315 
Wood, 173 

destru(‘tive distillation of, 17 1 
Wood alcotjol, '153 
Wood eban'oal, 31)1 
Wrought iron, 346 
W ulf(mit(‘, 331 

X 

Xenon, 43 
\ rays, 169 
X-ray tube, 169 

Z 

Zeolite processes, 425 
Zeolites, 425 
Zinc, metallurgy, of 338 
occurrence of, 338 
production of, 271 
uses of, 27 1, 339 
Zinc bhmde, 338 

Zinc chloride, ehotrolysis of, 260 

Zinc dust, 338 

Zinc oxide, 339 

Zinc spar, 338 

Zinc spelter, 338 

Zinc white, 339 

Zincite, 338 

Zircon, 430 
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